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Résumé Long

Le statofusée est un systeme de vol a propulsion supersonique qui prend 1’échap-
pement d'un générateur a gaz, le mélange avec de l'air, et le fait réagir dans un
foyer de combustion a statoréacteur afin de produire de la poussée. Il y a beaucoup
d’avantages par rapport aux moteur-fusées a propergol solide incluant une portée
améliorée, une vitesse plus élevée et la capacité de varier sa poussée, mais il est
plus simple que les systemes aérobies a carburant liquide comme les turbines a gaz.
Par le passé, les systemes de vol a propulsion ont été développés avec beaucoup
d’essais. Toutefois, pour réduire les couts de développement, de plus en plus des
modeles numériques ont étés développés pour concevoir, analyser, et prédire la per-
formance. Récemment, des modeles numériques basés sur la simulation numérique
des fluides (CFD) sont devenus tres populaires, mais leur développement pour les
écoulements réactifs pose toujours un défi important, et il faut porter attention a
chaque application et bien la valider.

Une telle application est le statofusée a carburant solide, et jusqu’a date personne
n’a développé aucun modele de performance compréhensif qui tient compte, de fagon
rigoureuse, de tous les constituants de I’échappement du générateur a gaz. Par une
étude approfondie des lois qui régissent la dynamique des fluides et la combustion,
et des données expérimentales, une méthode basée sur le CFD a été développée
pour prédire la performance du foyer de combustion d’un statofusée. Elle utilise un
modele de combustion préconisant 1’équilibre chimique mais avec une fonction de
densité des probabilités (PDF) pour tenir compte de I'influence de la turbulence,
pour deux écoulements de carburant, I'un qui est gazeux et l'autre qui est solide.
Basé sur des mesures de 1’échappement du générateur a gaz, 1’écoulement solide
a été injecté dans le foyer comme des spheres en carbone de diametre de 75 nm
qui se décomposaient en oxyde de carbone, avec le taux controlé par des réactions

chimiques a la surface. Afin de valider la méthode, la visualisation dans un tunnel

i



111

hydraulique et des expériences de combustion a connexion-directe ont été effectuées
pour beaucoup de géométries et de conditions variées. L’incertitude expérimentale
a aussi été étudiée de fagon détaillée pour les expériences de combustion. Pour les
configurations considérées, cette méthode basée sur le CFD pouvait prédire, avec

une bonne précision, le rendement de combustion dans le foyer d'un statofusée.
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Extended Abstract

The ducted rocket is a supersonic flight propulsion system that takes the ex-
haust from a solid fuel gas generator, mixes it with air, and burns it in a ramjet
combustor to produce thrust. It has several advantages over solid propellant rocket
motors including increased range, higher speed, and throttleability, and is much
simpler than airbreathing liquid fuel systems such as gas turbines. In the past,
flight propulsion systems have been developed through experimentation and trial
and error. However, to reduce development costs more and more effort has been
put into developing numerical models to design, analyze, and predict performance.
Lately, numerical models based on Computational Fluid Dynamics (CFD) have be-
come increasingly popular, but the development of these for reacting flow still poses
a significant challenge, and each application requires specific attention and valida-
tion.

One such application is the solid fuel ducted rocket, and to date no comprehen-
sive performance prediction model has been developed that properly accounts for
all the components in the gas generator exhaust. Through a careful examination
of the governing equations and experimental measurements, a CFD-based method
was developed to predict the performance of a ducted rocket combustor. It uses
an equilibrium-chemistry Probability Density Function (PDF) combustion model,
with separate gaseous and solid phase fuel streams. Based on measurements of the
gas generator exhaust, the solid stream was injected into the combustor as 75 nm
diameter carbon spheres that gradually decomposed into carbon monoxide due to
surface oxidation. To validate the method, water tunnel visualization and direct-
connect combustion experiments were performed over a wide range of geometries
and test conditions. A comprehensive assessment of experimental uncertainty was

also carried out for the direct-connect experiments. For the configurations consid-
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ered, this CFD-based method was able to predict, within a good degree of accuracy,

the combustion efficiency of a ducted rocket combustor.
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Résumé

Le statofusée est un systeme de vol a propulsion supersonique qui prend I’échap-
pement d’'un générateur a gaz, le mélange avec de lair, et le fait réagir dans un foyer
de combustion a statoréacteur afin de produire de la poussée. Pour développer ces
systemes, des modeles numériques basés sur la simulation numérique des fluides
(CFD) sont devenus tres populaires, mais leur développement pour les écoulements
réactifs pose toujours un défi important, et il faut porter attention a chaque applica-
tion et bien la valider. Par une étude approfondie des lois qui régissent la dynamique
des fluides et la combustion, et des données expérimentales, une méthode basée sur
le CFD a été développée pour prédire la performance du foyer de combustion d’un
statofusée. Elle utilise un modele de combustion préconisant 1’équilibre chimique
mais avec une fonction de densité des probabilités (PDF) pour tenir compte de I'in-
fluence de la turbulence, pour deux écoulements de carburant, I'un qui est gazeux
et I'autre qui est qui est composé des spheres solides en carbone de diametre de
75 nm. Apres avoir validé la méthode avec la visualisation dans un tunnel a eau
et des expériences de combustion a connexion-directe pour beaucoup de géométries
et de conditions variées, cette méthode basée sur le CFD pouvait prédire, avec une

bonne précision, le rendement de combustion dans le foyer d'un statofusée.
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Abstract

The ducted rocket is a supersonic flight propulsion system that takes the exhaust
from a solid fuel gas generator, mixes it with air, and burns it to produce thrust.
To develop such systems, the use of numerical models based on Computational
Fluid Dynamics (CED) is increasingly popular, but their application to reacting
flow requires specific attention and validation. Through a careful examination of
the governing equations and experimental measurements, a CFD-based method was
developed to predict the performance of a ducted rocket combustor. It uses an
equilibrium-chemistry Probability Density Function (PDF) combustion model, with
a gaseous and a separate stream of 75 nm diameter carbon spheres to represent the
fuel. After extensive validation with water tunnel and direct-connect combustion
experiments over a wide range of geometries and test conditions, this CFD-based
method was able to predict, within a good degree of accuracy, the combustion

efficiency of a ducted rocket combustor.
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Nomenclature

Arrhenius factor [(kmol/m?)(1=™) /g]

Area (with a subscript) [m?]

factor dependent on Reynolds number

body force per unit volume [N/m?]

drag coefficient

constant for transport of the mixture fraction variance
constant for transport of the mixture fraction variance
characteristic velocity [m/s]

constant for diffusion controlled

surface reaction rate [kg/(m-s-Pa-K%™)]
constant for RNG turbulence model

constant for surface kinetics controlled

surface reaction rate [kg/(m?s-Pa-K)]

constant for RNG turbulence model

constant for RNG turbulence model

constant for RNG turbulence model

nozzle discharge coefficient

constant pressure specific heat [J/(kg-K)]
binary diffusion coefficient [m?/s]

Damkohler’s first dimensionless ratio
Damkohler’s second dimensionless ratio
Damkohler’s third dimensionless ratio
Damkohler’s fourth dimensionless ratio
diameter of combustor or reference length [m]|
activation energy [J/kmol]

thrust [N]

drag force per unit mass per unit velocity [1/s]
Froude number

mixture fraction

fraction of H,ea. absorbed by particle

body force per unit mass, ith species or ith direction [N/kg]
function of z;
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generation of turbulent kinetic energy due to

mean velocity gradients, RNG turbulence model [kg/(m-s?)]
gravitational acceleration [m/s?]

variance of the mixture fraction

total enthalpy (sum of all species) per unit mass [J/kg]
heat of surface reaction per unit mass [J/kg]

static enthalpy per unit mass [J/kg]

convective heat transfer coefficient [W/(m?K)]
impulse [N-g]

specific impulse [m/s]

thermal conductivity [W/(m-K)] or

turbulent kinetic energy per unit mass [m?/s?]

length of combustor or reference length [m]|

Lewis number

Molar mass [kg/kmol]

Coeflicient of model adequacy

Mach number

mass [kg]

mass flow rate [kg/s]

Nusselt number

reaction order

Oxidizer/Fuel ratio

Prandtl number

static pressure [Pa] or partial fraction

Probability Density Function

heat generation per unit volume [J/m?]

stoichiometric heat of reaction per unit mass [J/kg]
heat flux [W/m?|

standard specific enthalpy difference between products
and reactants at Ty and constant pressure [J/kg]

gas constant (R/M) [J/(kg-K)]

universal gas constant [J/(kmol-K)]

term in RNG turbulence model

diffusion controlled surface reaction rate [kg/(m?s-Pa)]
surface kinetics controlled surface reaction rate [kg/(m?s-Pa)]
Reynolds number

source

Schmidt number

energy sources (for energy equation used for
non-adiabatic PDF models)

strain rate tensor

laminar burning velocity [m/s]

mass sources (for generalized continuity equation)
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static temperature [K]

fluid Lagrangian integral time ]
time [s]

characteristic reaction frequency [1/s]

velocity component in the z-direction or ith direction [m/s]

or internal energy per unit mass [J/kg]

velocity component in the y-direction [m/s] or velocity [m/s]
velocity component in the z-direction [m/s] or absolute uncertainty

in the subscripted variable [relevant units]
independent variable

direction [m]

mass fraction

experimental value

predicted value

elemental mass fraction

inverse effective Prandtl number due to

turbulent kinetic energy, RNG turbulence model
swirl constant, RNG turbulence model

inverse effective Prandtl number due to

dissipation, RNG turbulence model

constant in RNG turbulence model

ratio of specific heats

Kronecker delta

dissipation per unit mass [m?/s®] or progress of reaction
normally-distributed random number

term in RNG turbulence model

constant in RNG turbulence model

efficiency based on temperature rise in the combustor
dynamic viscosity [kg/(m-s)]

kinematic viscosity [m?/s]

term in RNG turbulence model

density [kg/m3]

constant for transport of the mixture fraction variance
stress [N/m?]

characteristic eddy lifetime [

fraction of time f lies between f and f + Af [s]
conserved quantity

ratio of kinetic energy to internal energy
characteristic swirl number, RNG turbulence model
mass rate of production per unit volume by
chemical reaction [kg/(m3s)]
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Subscripts and superscripts

Q

eff
exp

ign
J

k
m
N
0X
p

prop
reac
ref
sec
stoich
t

theo
tot

u
vitair
T, 2
*

/

Note

air

drag

effective

experimental

fuel, flame

1th direction, function, species, or variable
ignition

jth direction

kth direction

model

number

oxidizer

particle or prototype

propellant

reaction

reference

secondary

stoichiometric

stagnation (for pressure, temperature) or
turbulent (for viscosity, thermal conductivity)
theoretical

total

unburned

vitiated air

direction

asterisk denotes non-dimensionalized quantity
overline denotes time-averaged value
prime denotes instantaneous value

other variables and quantities previously defined
may also be subscripts
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Station numbering subscripts

- freestream

- immediately upstream of the inlet shocks

- at the entrance to the inlet (where internal flow starts)
- end of the inlet diffuser

- head end of the combustor

- end of the combustor just upstream of the nozzle

- mnozzle throat

- nozzle exit

= s

T i

0 1 2 3 456

Figure 1: Ducted rocket station numbering
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Acronyms
AP - ammonium perchlorate
ASM - Algebraic Reynolds Stress Model
CFD - Computational Fluid Dynamics
DC - direct-connect
DNS - Direct Numerical Simulation
DREV - Defence Research Establishment Valcartier
EBU - Eddy Break-Up Model
FFT - Fast Fourier Transform
GAP - glycidyl azide polymer
LDV - Laser Doppler Velocimetry
N-S - Navier-Stokes
NAWC - U.S. Naval Air Warfare Center
NSC - Nagel-Strickland-Constable
PDF - Probability Density Function
RNG - Renormalized Group Theory
RSM - Reynolds Stress Model
SCMC - Sonic Control and Measuring Choke
SEM - scanning electron microscope
SFRJ - solid fuel ramjet

TNO-PML - The Netherlands Organization for Applied Scientific Research,
Prins Maurits Laboratory
WT - water tunnel
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Chapter 1
INTRODUCTION

1.1 Background: Rockets and Ramjets

For hundreds of years, man has used the combustion of solid chemicals to
propel rockets. In fact, the Chinese flew the first rockets around 1150 AD [1] with
gunpowder as the propellant. Since then, development of the solid propellant rocket
for military use took place all over the world and by the time of the War of 1812
rockets were capable of 3 km ranges [2]. During the twentieth century, the solid
propellant rocket evolved into a highly reliable and powerful propulsion system
capable of sending payloads anywhere on earth and into space.

The main components of a modern composite solid propellant rocket, known
simply as a solid rocket, are shown in Fig. 1.1. The propellant consists of oxidizer
and possibly fuel particles, all bound together by a rubbery polymer that also acts
as a fuel. The propellant is cast into a grain that is housed within a structural
casing. The grain shown is hollow in the middle so, once ignited, the propellant
burns from the inner surface outwards to the casing. A nozzle at the tail end of
the rocket accelerates the combustion products toward the rear to produce forward
thrust.

The performance of a rocket propellant is often described by its specific impulse,
I, which is the impulse of the rocket per unit mass of the propellant or, at any

instant in time, the thrust produced per unit mass flow rate of propellant:

Lo F
Ip=—2 — (1.1)
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Solid propellant
grain

Casing

Figure 1.1: Modern solid rocket

For the composite propellant shown in Table 1.1, the theoretical Ig,' is approxi-
mately 2500 m/s. With more energetic solid compounds, this can be improved to
about 3000 m/s, and a theoretical I, of approximately 4 500 m/s is attainable with
liquid fuels and oxidizers. Because of this greater performance, as well as the ability
to throttle their thrust and restart once extinguished, not possible with solid rock-
ets, liquid fuel rockets are used to send very large payloads into space. However,
their added cost and complexity mean that solid rockets still dominate atmospheric

flight and military applications.

Table 1.1: Typical solid rocket propellant formulation

Ingredient Mass fraction
Hydroxyl-terminated polybutadiene (binder) 0.12
Ammonium perchlorate (oxidizer) 0.70
Aluminum (fuel) 0.18

However, to go well beyond these values of specific impulse of even liquid propel-
lants and to increase range dramatically, a propulsion system must take advantage

of the air through which it travels to burn the fuel on board, rather than carrying

1 “Theoretical” I, is the value calculated for perfect expansion of the combustion products from
a chamber pressure of 1000 psi (6.895 MPa) to atmospheric pressure at sea level.



an oxidizer. Such a propulsion system is termed “airbreathing”, the best known
example being the gas turbine or jet engine. Its basic thermodynamic cycle includes
compression of the incoming air, the addition of heat at high pressure, and subse-
quently the expansion of hot fluid to produce work. In a gas turbine engine, the
compression of the incoming air is achieved with mechanical compressors, which
means that these devices are relatively costly and complex. Furthermore, the fuel
used in flight applications is usually liquid which requires pumps, valves, injectors,
and related equipment. As the flight speed of a turbine-powered aircraft increases,
though, mechanical compression of the incoming air becomes less and less necessary
since the slowing of the air within the intake will raise its static pressure. In fact,
as supersonic speeds are reached, the mechanical compressor and associated turbine
can be eliminated. Such an engine without these components is called a ramjet.

The first ramjet-powered aircraft appeared during the 1950’s, the best known
of these in Canada being the Bomarc air-defence missile. They all used liquid
fuel, so while they were mechanically simpler than gas turbines, they still needed
complicated fuel delivery systems. Many applications, however, require the inherent
simplicity and reliability of solid rockets. There are solid fuel ramjets (SFRJ),
but because the fuel delivery rate depends so heavily on the mass flow rate of the
incoming air, they are difficult to design for a wide range of flight conditions and are
used in very limited roles. However, a practical compromise between liquid and solid
fuel ramjets does exist in the form of the ducted rocket, also known as a ramrocket
or integral rocket ramjet.

Figure 1.2 shows the components of a typical ducted rocket. It differs from other
types of ramjets with its use of a gas generator to supply the fuel for combustion
with the incoming air. This gas generator contains a fuel grain that is essentially

binder, but may contain fuel particles, such as carbon or boron, and possibly some

Integral rocket booster
in ramjet combustor

Air intake —» <]

Gas generator
with fuel grain
Air intake —» <

Mass flow controller

Port covers

Figure 1.2: Components of a ducted rocket



oxidizer particles. The purpose of this gas generator fuel is not to directly produce
thrust to propel the ducted rocket, but to decompose into a fuel-rich exhaust which
can be efficiently mixed with air and burned. This exhaust not only contains gases
of a wide range of molar masses, but a substantial amount of solids such as soot
particles. In Fig. 1.2 the fuel grain is shown in a typical end-burner or “cigarette”
configuration, as opposed to the centrally-perforated propellant grain of Fig. 1.1
which most solid rockets use. Also shown is a mass flow controller, which can
throttle the gas generator exhaust to vary the thrust of the ducted rocket like liquid
fuel propulsion systems, but unlike solid rockets.

The other main components include the air intakes, port covers, and the integral
booster in the ramjet combustor. Their functions are best explained with reference
to Fig. 1.3 which shows the phases of a ducted rocket’s operation. As previously
mentioned, a typical ramjet operates at supersonic speed so, if launched from rest or
at subsonic speed, a means of accelerating it is needed, hence the solid rocket booster
integrated into the ramjet combustor. After launch, the boost phase commences,
characterized by the combustion of the rocket propellant and port covers sealing the
ramjet combustor from the air intakes. Once the booster propellant is completely
burned to leave an empty ramjet combustor, transition to the ramjet phase occurs.
The port covers that seal the air intakes from the ramjet combustor open and,
simultaneously, the gas generator ignites. Fuel-rich exhaust from the gas generator
is mixed with incoming air in the ramjet combustor, reacts, and is accelerated
through a nozzle to provide thrust.

By considering the ideal ramjet cycle, the theoretical specific impulse of a ducted
rocket can be shown to be much higher than a rocket. The ideal ramjet cycle [3]
includes isentropic compression of the incoming air, constant pressure addition of
fuel and therefore heat in the combustor, and finally isentropic expansion of the
exhaust products. For one-dimensional flow, constant specific heats, and perfect

expansion of the exhaust to atmospheric pressure, the specific thrust is:

F T
= May/ART || —=— —1 1.2
. VT 1+ 51 Ma? 12

and assuming that the velocity in the combustion chamber can be neglected and the
fuel mass flow rate is much smaller than the air mass flow rate. T, is the freestream
static temperature and Ty, is the stagnation temperature in the combustor (just

before the nozzle).



Before launch

Ramjet phase

Figure 1.3: Phases of operation of a ducted rocket

Since the oxidizer is not carried on board the ramjet, the thrust should be divided
by the mass flow rate of only the fuel, not the fuel and oxidizer as for the solid
rocket. The specific thrust is therefore divided by the fuel/air ratio to get the Iy, of
the ramjet:

A (1.3)
mg M Mt

However, we need an expression for the fuel/air ratio. For a constant heat of
reaction Qg (no dissociation of the exhaust products), T.,, and Ti4, the fuel/air
ratio varies with the freestream stagnation temperature Ty, (and therefore flight

speed). The expression is [2]:

(1.4)
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Figure 1.4: Comparison of theoretical performance, ducted rocket and solid rocket

Results for the theoretical Iy, of a solid rocket and a ducted rocket are shown in
Fig. 1.4. The solid rocket uses the propellant listed in Table 1.1, while the ducted
rocket uses a gas generator fuel of 90% glycidyl azide polymer (GAP) and 10%
carbon black by mass to give an estimated Qg of 21.3 MJ/kg. Other constants used
in the equations are a ¢, of 1005 J/(kg-K), a v of 1.4, a T, of 220 K, and a Ty,
of 2500 K. While these are only theoretical results, real ducted and solid rockets
display similar behaviour. The I, of the ducted rocket varies greatly with flight
speed; it is low at Mach 1, peaks at Mach 3.7, and then falls off. The I, of the solid
rocket does not depend on flight speed, but is always much lower than the ducted
rocket at the speeds shown. Another important point shown on the graph, however,
is that even though the I, of the ramjet is still considerably higher than the solid
rocket at flight speed greater than Mach 6, its specific thrust begins to approach
zero. This is because T}, approaches Ti4 so less and less fuel is needed, but there is
also less and less thrust being produced. In fact, the practical limit on flight speed
of a real ramjet is also Mach 6 or Mach 7, beyond which a supersonic combustion
ramjet, or “scramjet” is used.

The greater specific impulse of the ducted rocket results in a propulsion system
capable of much higher average speeds over vastly increased ranges than a solid

rocket of similar size. While it is somewhat more mechanically complex than a solid



rocket with its port covers and possibly a fuel mass flow controller to vary its thrust
on demand, its use of a solid fuel means it is much simpler and therefore potentially
more reliable than liquid fuel propulsion systems. Despite this, the ducted rocket
has been the object of only a few development efforts and even fewer are in service.
However, because of its advantages over other propulsion systems, it has enjoyed

much renewed interest lately.

1.2 Research Challenges

In the past, propulsion systems have been largely developed through experimen-
tation and trial and error. However, to reduce development costs, more and more
effort has been put into building models to design, analyze, and predict propul-
sion system performance. Years ago, models of propulsion systems used mainly
experimental techniques such as scale models and water tunnel visualization, and
any numerical models were analytical or based largely on empirical data. Lately,
numerical models based on Computational Fluid Dynamics (CFD) have become in-
creasingly important, first for non-reacting flows, but now for reacting flows as well.
The non-reacting flow aspect of CFD has been well validated, and special forms of
the conservation equations for mass, momentum, and energy (commonly referred to
as the Navier-Stokes equations) and certain turbulence models are commonly used
for a wide range of applications. However, the development of accurate combustion
models for CFD still poses a significant challenge, and each application requires
specific attention and validation. To complicate matters, point measurements of
fundamental data such as compositions, temperatures, and velocities within the
hostile environment of combustors are very difficult to achieve, so CFD validation
often relies on “bulk” measurements such as combustor pressure and thrust.

Because of their wide use amongst airbreathing flight propulsion systems, gas
turbines have dominated research into combustion models and performance predic-
tion. Many of the models and techniques applicable to gas turbine combustors can
and have been used for other liquid fuel propulsion systems such as liquid fuel ram-
jets. Some of these models and techniques may also be applicable to ducted rockets,
particularly those for the non-reacting flow through the intakes. Unfortunately,
the available literature has only revealed simplistic treatments of the combustion

within ducted rocket combustors, likely due to the difficulties in characterizing and



modelling the partially reacted, particle-laden fuel exhaust from the gas genera-
tor, and none that specifically address the trajectories and decomposition of the
particles in the flowfield. Because of the substantial mass fraction of solids in the
gas generator exhaust, however, particles should be modelled in any prediction of
combustor performance. The purpose of this thesis is therefore expressed in the

following statement:

Through a careful examination of the governing equations and experi-
mental measurements, to develop a method based on CFD to predict
the performance of a ducted rocket combustor that properly accounts
for influence of the gas generator exhaust, particularly the solid phase,

and validate it over a wide range of geometries and test conditions.

1.3 Scope

The development of the method to predict the performance of a ducted rocket
combustor can be organized into five distinct parts. This thesis has therefore been

organized into five chapters as follows:

e Rules for combustor modelling. Conservation equations for mass, mo-
mentum, and energy were non-dimensionalized to identify the important di-
mensionless parameters and establish rules for reacting flow CFD modelling.
Once combined with the expected environment in a ducted rocket combustor,
this helped identify what was critical to the development of a method to pre-
dict performance, and how experiments should be set up to provide test data

for validation.

e Water tunnel visualization. Combustor geometries and test conditions
identified from previous experiments in the available literature were used to
create a set of configurations for water tunnel visualization. After having
developed a suitable visualization technique, images for each configuration

were captured and analyzed.

e Non-reacting flow modelling. The same geometries and test conditions
used for the water tunnel visualization were modelled with a CFD code, and
qualitative comparisons made of the fuel distribution in the combustor for

validation purposes.



e Direct-connect combustion experiments. These were done for a set of
geometries and test conditions that was geometrically and dynamically similar
to the water tunnel experiments. Combustor performance was calculated from
the data for each of the configurations. An analysis of high-frequency pressure

data was also carried out, as was an estimate of experimental uncertainty.

e Reacting flow modelling. Two different combustion models were imple-
mented in a CFD code, the first that treated the gas generator exhaust as a
single stream, and the second that treated the exhaust as separate gaseous and
particle streams. For the latter, an existing model of particle decomposition
was adapted using results from experimental characterization of the particles
and soot oxidation. The predictions of combustor performance were compared

with the experimental results to validate the method.



Chapter 2

RULES FOR COMBUSTOR
MODELLING

2.1 Scaling

As stated in the introduction, this thesis will present a CFD-based method
to predict the performance of a ducted rocket combustor and validate it over a
wide range of geometries and test conditions. An important first step for any type
of combustor modelling, be it CFD-based or experimental, is to deduce a set of
rules that can be established by deriving the relevant dimensionless parameters that
should be respected between the model and the actual combustor [4]. This can be
accomplished through dimensional analysis and the examination of the conservation
equations for mass, momentum, and energy. For CFD modelling the geometry is
usually reproduced as a full-size mesh and the boundary and test conditions repro-
duced as accurately as possible, so respecting most of these dimensionless parameters
is already accomplished. Before the use of CFD for modelling reacting flow became
widespread, however, the rules for combustor modelling were established mainly
for experimental scale modelling. In fact, the best references describing dimen-
sionless parameters for combustor modelling did indeed pertain to scale modelling.
While not the principal objective of this thesis, the establishment of scaling rules
to determine geometries and test conditions for the water tunnel and direct-connect
combustion experiments did reveal which dimensionless parameters were crucial in
the development of a CFD-based method to predict performance of ducted rocket
combustors, and showed which aspects demanded special attention. An additional
benefit is to establish the extent to which the experimental data and modelling tech-

niques generated for this thesis could be applied to different size combustors and
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test conditions.

The main purpose of scale modelling is to allow direct comparison of test re-
sults from similar geometries of different sizes and different fluid properties, and
thoroughly describe the phenomena over a wide range of test conditions. It allows
experiments to be designed in such a way as to facilitate measurements and explore
conditions not normally possible. Scale models of the geometries of interest can
be built and, through the use of different fluids, pressures, and velocities, the same
flow phenomena that occur in the full-size geometries can be accurately reproduced.
This is often done because of test facility limitations and economic reasons. While
usually associated with non-reacting flows, the use of dimensionless parameters and
scale modelling can also be applied to reacting flows. Chemical kinetics, species
transport, and thermal processes must therefore be added to the list of dimension-
less parameters to describe combusting flows properly. Dimensional analysis and
scale modelling of reacting flows have been applied to gas turbine [5, 6], liquid fuel
ramjet [7, 8, 9], solid fuel ramjet [10], and scramjet [11] combustors, so this should
also be possible for ducted rocket combustors.

Exactly which dimensionless parameters should be applied to the design of the
experiments and the development of models requires a thorough knowledge of the
relevant physical and chemical processes inside the combustors. For “complete”
modelling of a combustor, the chosen dimensionless parameters must represent four
classifications of similarity between the model and the full-size combustor; these
are geometric, dynamic, thermal, and compositional similarities [12]. Geometric
similarity means that all dimensions in the model are linearly related to each other
in the same ratios as in the full-size combustor. For example, the L/d ratios for both
the model and full-size combustors must be identical. Geometric similarity is also a
prerequisite for dynamic, thermal, and compositional similarity within combustors.
Dynamic similarity requires that the ratio of the dynamic pressures at corresponding
points within the model and full-size combustors be constant [13]. This also implies
that the ratios of the velocities at corresponding points must also be constant.
For many non-reacting, isothermal flow experiments such as those proposed for the
water tunnel, geometric and dynamic similarity are respected. However, combustion
results in the production of temperature gradients and new chemical species so
complete modelling requires that thermal and compositional similarity must also
be respected. Corresponding ratios of temperature differences and chemical species

concentrations must therefore be constant between any two points in the model
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and the full-size combustors. In general, respecting all four types of similarity for
complete modelling of combustors is often impossible, but “partial” modelling can

be accomplished if some approximations can be made [4, 14].

2.2 Dimensionless Parameters and the Method of
Similarities

Based on the results of combustor modelling described in [5-11], partial mod-
elling should be possible with an accurately-scaled geometry and a careful choice of
operating conditions. Two techniques to establish the relevant dimensionless para-
meters that describe the geometry and operating conditions are dimensional analysis
and the method of similarities.

Dimensional analysis begins with listing all the dimensional variables that de-
scribe a physical problem (velocity, pressure, viscosity, thermal conductivity, etc.)
and the fundamental dimensions (length, time, mass, temperature, etc.) that appear
in the dimensional variables. If there are n dimensional variables and m fundamen-
tal units, Buckingham’s “Pi Theorem” states that the dimensional variables can be
rearranged into n —m dimensionless groups or parameters [12, 13] such as length-to-
diameter ratios and Reynolds, Prandtl, and Mach numbers. For complete modelling,
these dimensionless parameters must be the same for the scale model and full-size
geometries.

While dimensional analysis does not require the equations that describe the
physical problem to be known, some knowledge of the problem must exist in order
to make a complete list of all the dimensionless variables. The main disadvantage
of dimensional analysis is that the relative importance of each of the dimension-
less parameters is not revealed, so some dimensionless parameters irrelevant to the
problem are included. In the case of combustion problems with an extensive list
of dimensional variables, dimensional analysis would generate several irrelevant di-
mensionless parameters, and much effort could be wasted in trying to respect them
and ensure complete modelling. With the method of similarities [14] background
knowledge and the equations that describe the problem can be exploited to identify
the most important dimensionless parameters and therefore reduce the number of

dimensionless parameters needed for accurate modelling.
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2.3 Similitude in Combustion

A classic work on similitude for flow systems that include chemical reactions and
heat transfer was written by Damkdhler [15] and is detailed in [16, 17]. Damkdhler
proposed five dimensionless ratios that can be applied to combustion in general as
long as velocities could be considered to be low (no compressibility effects) and there

were no body forces. The five are:

rate of species formation by reaction
Daml =

rate of species loss by convection

rate of species formation by reaction
Dam?2 =

rate of species loss by dif fusion

rate of heat generation by chemical reaction
Dam3 =

rate of heat loss by convection

rate of heat generation by chemical reaction
Dam4 =

rate of heat loss by conduction

inertial fluid forces  pvd

e= =
viscous fluid forces 1

The continuity, momentum, and energy equations for chemical processes as writ-
ten by von Kédrman [18] were reported and non-dimensionalized by Penner [16]. Not
only do they yield the five Damkohler ratios, but additional dimensionless parame-

ters can be extracted that are important to combustion problems in general.

2.3.1 Continuity Equation

The conservation, differential form of the continuity (conservation of mass)
equation for the ith species in an infinitesimal control volume and in orthogonal

coordinates following the form used by Kuo [19] is:

oY, N dY; N dY; N 9Y;
& P oe oy T2
~—~— ~ ~~
local change convection
0 Y, 0 oY; 0 Y,
= %(p%x)w—y(way)*a(ﬂ%z) e (@1

~~ 4 production
diffusion
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since there are diffusive as well as convective velocities. The first term is the rate of
accumulation of mass of the ith species in the control volume, and the second group
of terms is the transport of the ith species out of the control volume through the
control surface. The third group of terms is the net inflow rate of the ith species by
diffusion across the control surface into the control volume, assuming that Fick’s law
of mass diffusion applies. The fourth term is the rate of production of the ith species
inside the control volume by homogeneous chemical reactions. This equation, as well

as the momentum and energy equations that will follow, are non-dimensionalized
by:

P=pretp’ T = Liet®™ Y= Lioty™ 2= Liet2” U= Urept™ U = Upef”
w = urefw* Y; = Y;* t= t*/Uz Wi = UiUZ’*prefp*Y;* b= prefp>'< Bx = gB;
fi,x = gf:x Dz = DrefD* o= H’ref,u* T = T‘refzw< k= krefk* Q = QrefQ*

(132

where the “x” designates a non-dimensionalized quantity. The reference quanti-
ties designated “ref” are initial values for the gas mixture. After substitution and

rearranging, the non-dimensionalized continuity equation is:

oY [ et LY N L0V N L0V
Ot | Uilner | \" 02 " 9y Y 9

IR B ) (o N ) (o SN ) 7 oy
) {U"Lfef} (355* (pD &v*) Ty (pD ay*) "oz (pD az*)> T

(2.2)

The term in front of the convective terms is the inverse of Damkohler’s first
dimensionless group which can also be thought of as the ratio of combustor residence
time to a characteristic chemical reaction time. The term in front of the diffusion
terms is the inverse of Damkohler’s second dimensionless group and can be thought

of as the ratio of a characteristic diffusion time to a characteristic chemical reaction

time.
U;L.. U,L?
Daml = f Dam?2 = —=—xct
Uref Dref

2.3.2 Momentum Equation

The conservation, differential form of the linear momentum equation (conserva-

tion of linear momentum) in the a-direction for an infinitesimal control volume is,
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after expanding the general equation in tensor notation as used by Kuo [19] :

Olpw) . 9(puu)  Ofpuv)  O(puw)

dt _ O (‘zg 0z
local change convection
8P 87—3:32 aTym aTzw
ox oxr dy 0z ~~ (2:3)
N -~ “  body forces

surface forces

The first term is the rate of accumulation of linear momentum in the z-direction
within the control volume, and the second group of terms is the transport of linear
momentum in the z-direction out of the control volume through the control surface.
The third group of terms is the transfer of linear momentum by forces acting on the
control surface, with the first term accounting for the hydrostatic pressure acting
on the control volume. The fourth term is the sum of body forces in the z-direction
acting on the species within the control volume. For a multicomponent system with
N species, the body force term includes the sum of the body forces which act on

each of the components:

N
=1

Assuming that the fluid can be treated as a continuum and that the stress at any
one point is linearly related to its rate of deformation (meaning that it is a Newtonian
fluid), the normal and shear stresses on the fluid, contained within the surface force
terms, can be related to the pressure and velocity components [20]. From Stoke’s
hypothesis, which assumes the bulk viscosity is zero, and after expanding the left-
hand-side and simplifying by removing the terms in the continuity equation, the
linear momentum equation in the z-direction is:

ou ou ou ou
P + pUS + pva—y + puS
oP 40°u  0%u  O*u 1 0% 1 0*w
T or T (g&ﬁ + oy? + 0z + §8x8y * §axaz) + B (25)

Non-dimensionalizing this equation and multiplying by Lt/ pretti,; and adding
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the ratio of specific heats 7, yields:

UiLref *aU* + * *8U* + * *aU* + * *aU* Yref Pref -1 8]7*
— U v w =
Ugef p ot* p ox* p oy* p 0z* PreftiZy |\ Yeer Ox*
[hrof L [(40%ur  O*ur OPur 1 9% 1 0%w*
| — At st st 2 + =
Pref LrefUret 3 0x* dy* 0z* 30x*0y* 3 0x*0z*
Lo B
i [ fg}

2
uref Pref

(2.6)

As with the continuity equation, Damkohler’s first dimensionless group is also
present, but is found here in front of the first group of terms describing the local
change in linear momentum. The non-dimensionalization of this equation yields
three new dimensionless groups plus the ratio of specific heats ... The square of
the inverse of the Mach number is found in front of the pressure gradient term once
it is multiplied and divided by the ratio of specific heats. The Mach number is the
ratio of a characteristic velocity of the flow to the velocity of sound in the fluid, and
is a measure of the importance of compressibility effects on the flow. The Reynolds
number, which relates the importance of inertial forces to viscous forces, is present
in front of the viscous stress terms. The dimensionless group in front of the body
force term is the inverse of the Froude number, which relates the importance of
inertial forces to gravitational body forces, which is usually the only body force of

importance for fluid flow and combustion problems.

2 2
Vot Ma — prefuref Re — )Orchrcfurcf Fr— Usef
re
Vref Pref Href gLref

2.3.3 Energy Equation

The conservation, differential form of the energy equation (conservation of en-
ergy) for an infinitesimal control volume can be written in terms of enthalpy once
the terms from the mechanical energy equation are subtracted and the following

thermodynamic identity is used [19]:
p
u="h-—= 2.7
; (2.7)

where u is the internal energy per unit mass and h is the static enthalpy per unit
mass. Assuming that only internal and kinetic energies are important, that this is a

multicomponent system where Fick’s law of mass diffusion holds, and that Stoke’s
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hypothesis applies (the bulk viscosity is zero), the energy equation is:

oh N oh N oh N oh op dp dp dp
- U— V—— w— — — U —V/— —W—
& Cor oy Mo T o Toe oy o
local change convection pressure terms
_ 0Q _ 9% 09y _ 9¢:
ot \8x ?g 8z1
volumetric heat sources heat conduction

N N N
oY; aY; aY;
- P; (fi,xD%) - P; (fz’,yDa—y) - P; (fi,zDE)

~~
body force work

(2.8)

dissipation function

The first term is the rate of accumulation of enthalpy within the control vol-
ume, and the second group of terms is the transport of enthalpy out of the control
volume through the control surface. The pressure terms are present because of the
thermodynamic identity for internal energy that was exploited. The fourth term
is the rate of heat produced within the control volume by external sources, such
as radiation, and internal sources, such as chemical reactions. The fifth group of
terms is the conduction of heat into the control volume. The sixth group of terms is
the work done on the control volume by body forces that arise from diffusion. The
seventh group of terms is the energy dissipated through viscous forces, known as
the dissipation function.

Assuming Fourier’s law for heat conduction and neglecting thermal diffusion:

orT oT oT
K ox Ty g dy g 0z (2.9)

The non-dimensionalized energy equation becomes:

ah prefurefq * ah*
Ui prefq P Ot + I ; P 8 * a zpref
Uyef Pref * ap*
Lref (u Gy +v ) Qref

+ krefTrof 0 Lk or* + 8T*
L2, \Ox* Ox* 82
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N N N
prefDrefg * Tk 3Y* (9Y*
L 7P (Z( )*Z( v )+ 2 (7 ))
2
HrefU ref  x
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L?ef (

) w25 2 (5))
0z*
ov* o
Mrcfufef ,U* < ox*
L2 2 ( Ou
ref -3 <8
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2
ov* ow*

+ (2.10)

The equation is multiplied by:
Lref

PrefCp,ref Tref Uref

Certain terms are also multiplied and divided by some of the dimensionless para-
meters that were already extracted from the continuity and momentum equations

to give an additional five dimensionless parameters:

! 2
Dam3 = ke W el
Cp,ref Tref Uyef Cp,ref Tref Vref
Pr— Cp,ref Href Se — Href Qref
kref Pref D ref Pref q/

The following equation results:

Uiq' Lyes LOh* n Uiq' Lot Uyef o (o oh* 4o oh* tw oh*
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. |: u?ef :| |:UiLrof:| |:7rcfprof 1 ap*
Cp,ref Tref Yref Uref Pref U/I2-ef at*
|: u?ef :| |:7refpref:| ( % 3]9* « 3]9* " (9p* )
- 5 Uu ;tv CTw "
Cp,refTrefﬁ)/ref PrefUsoe ox (9@/ 0z
:{@m]{vmmd]a@

prefq/ Cp ref T‘refuref ot*

ket 11 it o [ 9T\ 8 [ .or*\ 8 [ 0T
* |:Cp,ref,uref_ _prefurefLref:| <8$* (k al'*) * 8y* (k 5@/*) + 0z* (k 82’*)>

S (F55)

prefDref 11 Ufef :| |: Href :| |: gLref :| * Ty * oY ;*
_ p D + i
|: Hret | [ Cpref Tref Yref Pref Uref Lref u?ef Z ! ,y <9y

* ay;”
+Zz 1 zz@z




19

ou*\2 ov* 2 ow* )2
2(d:v*) +2<8y*> +2(82*)
2
2 ov* ou* ow* ov*
+ Upet Href * + (83:* + (9y*> + <8y* + 82’*) (2 11)
Vref b . L9 .
Cp,refTref'Yref prefurefLref + (g“* + gw*)

:

Damkohler’s third dimensionless group is found in front of the first term. It

2 [ ou* ov* ow*
3 <8:v* + oy* + Oz*

relates the heat generated by chemical reaction to the heat lost by convection. It
is also found in front of the second group of terms once they are multiplied and
divided by Damkohler’s first dimensionless group. A dimensionless parameter that
Penner [16] calls U relates kinetic energy to internal energy. After multiplying and
dividing by Damkohler’s first dimensionless group and the square of the Mach num-
ber, it is found in front of the local pressure change term. It is also found in front
of the fourth group of terms after multiplying and dividing by the Mach number.
The inverse of the Prandtl number, which is the ratio of momentum diffusivity to
thermal diffusivity, appears in front of the conduction terms after multiplication
and division by the Reynolds number. The inverse of the Schmidt number, which
is the ratio of momentum diffusivity to mass diffusivity, and the parameter ¥ both
appear in front of the body force work terms after multiplication and division by
the Reynolds number, Froude number, and the ratio of specific heats. In front of
the dissipation terms, W appears once more after multiplication and division by
the Reynolds number and the ratio of specific heats. The final dimensionless para-
meter, relating the importance of all volumetric heat sources (including radiation
and chemical reaction) to the heat evolved from chemical reaction, appears after
multiplication and division by Damkohler’s third dimensionless group. For many
reacting flow problems, however, including many types of combustors, the external
contribution to the volumetric heat source term is often neglected.

From the eleven dimensionless parameters found in the continuity, momentum,
and energy equations, only ten are independent since Damkohler’s second dimen-

sionless group equals (Dam]l)(Re)(Sc). They are:

Qref
prefq/

Daml Dam3 Re Sc Pr Fr Ma Vref \\

These include the nine dimensionless parameters that Penner [16] extracted for
reacting multicomponent gas mixtures. He left out the dimensionless parameter
relating the amount of heat produced within the control volume to the heat released

by chemical reaction since he assumed that the effect of radiation was negligible.
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Damkohler’s five dimensionless ratios are all present in the first five parameters
in this group, including Dam2 as previously mentioned, and Dam4 which equals
(Dam3)(Re)(Pr). The next four are needed when external body forces (Fr) are
important and flow speeds are high (Ma, yer, and ).

Three different methods were used in this thesis to investigate the performance
of a ducted rocket combustor, including direct-connect experiments, water tunnel
visualization, and CFD modelling. The ducted rocket setup and testing, being by far
the most expensive part of this investigation (which is the reason behind using the
water tunnel and developing a CFD-based performance prediction method), used
existing 100 mm diameter hardware, and therefore the water tunnel models and CFD
mesh were made to the same size, simplifying the agreement with the dimensionless
parameters. However, most ducted rocket combustors of current interest are about
twice this diameter, so these scaling rules are necessary to extend the applicability
of the data and methods reported herein. One way that this has been done in the
past with subscale and full-size gas turbine combustors is to use what is known
as “PD-scaling”, “P” being the static pressure in the combustor and “D” being a
representative linear dimension such as the diameter. For this technique, geometric
similarity and inlet temperatures, flow velocities, fuel properties, and air/fuel ratio
must be maintained between the model and the full-size combustor. Then only the

static pressure is changed in inverse proportion to the linear scale [5]:

Pmlm = Dpdy (2.12)

This means that a half-scale combustor should be operated at twice the pressure
in order to approach dynamic, thermal, and compositional similarity. While not
the main goal of the work reported in this thesis, some direct-connect tests were
done at twice the pressure to provide data that could be applied to combustors of
twice the size. However, the CFD modelling was also done for these higher-pressure
configurations to attempt to predict them as well.

A more thorough description of PD-scaling and how it can be applied to ducted

rocket combustors is in Appendix A.

2.4 Dimensionless Parameters

The ten dimensionless ratios that should be the same in a model and the full-

scale ducted rocket combustor in order to respect geometric, dynamic, thermal, and
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compositional similarity as closely as possible are:

Qref
prch,
For the CFD modelling and water tunnel visualization, geometric similarity is the

Daml Dam3 Re Sc Pr Fr Ma Yref \\J

first requirement and is respected by simply using accurate, full-size representations
of the direct-connect combustor. The pressures, inlet velocities, vitiated air and
fuel compositions, and inlet temperatures are kept the same between the direct-
connect hardware and the CFD modelling in order to respect the other three types
of similarity as well as possible. All reference quantities for the ten dimensionless
ratios are therefore assumed to be proportional to the inlet parameters. Obviously
for the water tunnel visualization, no attempt was made to respect thermal and

compositional similarity since the working fluid is, by definition, water.

2.4.1 Damkohler’s First Dimensionless Ratio

Damkohler’s first dimensionless ratio is the ratio of the rate of species formation
by chemical reaction to the rate of species loss by convection:
Ud
v

Daml =

where the reference length is d and the reference velocity is v. For the CFD mod-
elling, we have fixed the pressures, diameter, inlet temperatures, chemical species
(vitiated air and fuel compositions) and inlet velocities to be constant so these ref-
erence values will be the same. However, the challenge for the CFD modelling is
to accurately model the characteristic reaction frequency U;. Often an Arrhenius
expression is used to describe a global reaction rate, but this will neglect the con-
tribution by any solid particles present in the gas generator exhaust. The influence
of turbulence on the combustion is also an important aspect that is not included
in an Arrhenius representation of the reaction rate. As will be evident later, the
combustion model is a critical aspect of accurately predicting the performance of a

ducted rocket combustor and the object of much effort for this work.

2.4.2 Damkohler’s Third Dimensionless Ratio

Damkohler’s third dimensionless ratio is the ratio of the rate of heat generation
by chemical reaction to the rate of heat loss by convection.
Uiq’d

Dam3 = ————
Cp,rchrofU
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As explained for Damkohler’s first dimensionless ratio, the pressures, diameter, inlet
temperatures, chemical species, and inlet velocities are the same between the CFD
model and the direct-connect experiments, so d, v, and T, are the same. The
constant pressure specific heat c, o depends on Tis and the chemical species, so
this is the same as well. Since ¢’ is a function of the chemical species and the
characteristic reaction frequency U;, this will depend on how the combustion is
modelled. An additional consideration is the exchange of heat between the gaseous
phase and solid particles from the gas generator exhaust; this must also be modelled

accurately for the heat release.

2.4.3 Reynolds Number

The Reynolds number is the ratio of inertial fluid forces to viscous fluid forces.
It is the most important dimensionless parameter for the description of the flow,
both the air and the fuel, so it should be respected in both cases:
_ pdv
a Href
The inlet temperatures and chemical species are specified to be the same for the

Re

CFD modelling and the direct-connect combustor, so the dynamic viscosity should
be the same. It is a property of the gases that has to be specified when the problem
is set up. However, since the flow is dominated by turbulent mixing, it is not
a parameter that has to be specified too accurately, meaning that the Reynolds
number does not have to be matched, as long as it is sufficiently high to respect
dynamic similarity. This point is important for the water tunnel since the Reynolds
numbers are typically an order of magnitude lower. Another important point, to
be explained further in Chapter 4, is that the air/fuel momentum ratio, not the
velocity or mass flow ratio, must be matched between the direct-connect combustor
and the water tunnel model to properly reproduce the flowfield. The inlet turbulence

parameters must also be matched to properly reproduce the mixing.

2.4.4 Schmidt Number

The Schmidt number is the ratio of momentum diffusivity to mass diffusivity:

Href
Sc=
prefDref

The dynamic viscosity and binary diffusion coefficients are simply functions of gas

composition and temperature if the assumption of an ideal gas mixture is valid, and
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can be specified in the CFD model as fluid properties. However, since the flow inside
the combustor is highly turbulent (Re typically 10° to 10%), molecular mixing is not
important compared to the turbulent mixing [10] so the Schmidt number does not

have to be closely matched.

2.4.5 Prandtl Number

The Prandtl number is the ratio of momentum diffusivity to thermal diffusivity:

Cp,ref Href

Pr —
' krcf

The constant pressure specific heat, dynamic viscosity, and thermal conductivity
are functions of temperature and gas composition for ideal gases, and are fluid
properties that must be specified in the CFD model. To model the heat transfer
at the combustor walls properly, the Prandtl number should be kept the same. In
an actual ducted rocket combustor, the combustor wall is insulated on the inside,
so there is very little heat transfer from the gases to the wall. In these direct-
connect combustor experiments, however, the combustor wall is not insulated so
heat transfer to the wall may be important; this will be investigated later as part of

a parametric modelling study.

2.4.6 Froude Number

The Froude number is the ratio of inertial forces to gravitational body forces:

U2

Fr=—
T gd

It will be the same in the CFD model and the direct-connect combustor since the
inlet velocities and diameters are the same. For the water tunnel, the velocities are
lower, but because the flow is highly turbulent the inertial forces will still overwhelm
the gravitational force (buoyant effects negligible) so the Froude number can be

neglected.

2.4.7 Mach Number

The Mach number is the ratio of a characteristic velocity of the flow to the

velocity of sound in the fluid, and is a measure of the importance of compressibility
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effects on the flow:

pv?
VYretP

Ma =

Since the Mach number is less than 0.3 in most of the combustor, the flow can be
classified as incompressible so the Mach number need not be respected. In fact, for
the CFD modelling the density is simply a function of temperature and composition
and not of pressure. Since the pressure is assumed constant within the combustor,
the Mach number is effectively zero. While the ducted rocket configurations inves-
tigated for this work had unchoked fuel jets, many systems of interest have choked
fuel jets and therefore there is some supersonic flow in the combustor. In these
cases, compressibility cannot be ignored and the Mach number must be included as

a dimensionless parameter.

2.4.8 Ratio of Specific Heats

The ratio of specific heats, v,¢f, can be estimated for the CFD model so that it
is the same as for the direct-connect combustor. It is a property that is a function

of gas composition and temperature only:

Yref = constant

2.4.9 Ratio of Kinetic Energy to Internal Energy

The ratio that Penner [16] calls U relates kinetic energy to internal energy and

also determines the importance of compressibility effects, as does the Mach number:

U2

V=——
Cp,refo)/ref

As explained for the Mach number, the flow is assumed incompressible so this pa-
rameter need not be respected for the CFD modelling for these combustor configu-

rations with unchoked fuel jets.

2.4.10 Volumetric Heat Sources

The ratio of heat produced within the control volume by internal (chemical
reaction) and external sources (such as radiation) to the heat evolved from chemical
reaction is:

Qref
Pref q/
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As explained for Damkohler’s third dimensionless ratio, ¢’ is a function of the chem-
ical species present and the characteristic reaction frequency U;, and depends on
how the combustion is modelled. The main external contribution to Q.. for typical
combustion problems is radiation. Since the amount of radiative heat transfer is
much smaller than the amount of convective heat transfer for ramjet combustors
8, 10], the heat release from combustion will also overwhelm the amount of radia-
tion and will be the main contribution to (Q..s. This will also be investigated later

as part of the parametric modelling study in Section 6.4.

2.5 Summary of Similarity and the Dimensionless
Parameters

Five of the ten dimensionless parameters important for reacting flow in com-
bustors were identified as relevant to ducted rockets with unchoked, subsonic fuel
jets. They, along with some other important parameters, must be applied to ensure
that geometric, dynamic, thermal, and compositional similarity will be respected
as closely as possible. Geometric similarity will be achieved by using combustor
models of the same dimensions as for the direct-connect experiments. For both the
water tunnel and the CFD modelling, the Reynolds number is the most important
dimensionless parameter to respect for dynamic similarity. In addition, the air/fuel
momentum ratio and the inlet turbulence parameters are critical to properly re-
produce the flowfield in the direct-connect combustor. For the CFD modelling,
Damkohler’s first dimensionless ratio, Damkdéhler’s third dimensionless ratio, the
Prandtl number, and the ratio of specific heats must also be respected to approach
thermal and compositional similarity with the experimental combustor, and the crit-
ical aspect for this is the combustion model. Of the remaining five dimensionless
parameters, the Schmidt number and the Froude number can be neglected because
the Reynolds number is high, as can the Mach number and the ratio of kinetic energy
to internal energy since the flow can be assumed to be incompressible. However,
if there is supersonic flow in the fuel jet, then the Mach number and the ratio of
kinetic energy to internal energy cannot be ignored. The amount of convective heat
transfer in the combustor should be much greater than that of radiation, so the last
ratio relating the importance of external heat sources to the heat released by the

combustion can be neglected as well.



Chapter 3

WATER TUNNEL
VISUALIZATION

3.1 Purpose of the Water Tunnel

The water tunnel was used to visualize the non-reacting flow and air /fuel mixing
within model combustors at as many of the geometries and simulated test conditions
that were proposed for the direct-connect combustor tests as possible. The use of a
water tunnel is an accepted method to visualize flowfields within combustors, and
has also been used specifically for ducted rocket combustors [21, 22, 23]. The water
tunnel at Defence Research Establishment Valcartier (DREV) is basically a 560 litre
plexiglass tank in which a plexiglass model of a ducted rocket combustor is installed.
Water is pumped through the “fuel” and “air” inlets of the combustor - this water
simulates both the fuel and the air flowing through an actual combustor. For the
air /fuel mixing tests, the fuel flow was seeded with very fine bubbles to distinguish
it from the air. A laser sheet illuminated a plane of interest inside the combustor
so that the “air” and “fuel” mixing could be easily seen and recorded with a video
camera. The main advantage of a water tunnel for flow visualization is that the
Reynolds numbers for a water velocity of 1 m/s in the main part of the combustor
were representative of the flow in a typical ducted rocket combustor. However, at
these flow speeds the flow patterns and structures were easily seen in real time. Sev-
eral combustor models were built and tested at various flow conditions to encompass
many of the possible configurations for testing in the direct-connect combustion test
facility at TNO Prins Maurits Laboratory (TNO-PML) in the Netherlands.

The work presented in this chapter and in Chapter 4 was presented at the 34th
ATAA Joint Propulsion Conference in 1998. The paper [24] is in Appendix E.
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3.2 Previous Experiments

A review of previous solid fuel ducted rocket tests in the open literature was
conducted to yield data on experimental combustor configurations and test condi-
tions. All of the configurations were of a “side dump” geometry with the air inlets
feeding air from the side of the combustor (Fig. 1.2). This allows the gas generator
and fuel injection to be placed adjacent to the head.! Boundary and test conditions
were noted, and additional data were calculated, such as air and fuel velocities,
Reynolds numbers based on combustor diameter, and stagnation properties to de-
scribe the flow within the combustors more completely (Table 3.1). Properties in
the combustor were calculated as if the fuel were flowing, but not reacting. The
influence of geometry on the flow was examined for all configurations, including the
placement of the fuel injector with respect to the air flow. Of particular interest
in these tests were which geometries and boundary conditions were important for
efficient fuel and air mixing.
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Figure 3.1: Experimental setup from Clark [25]

Clark [25] used a side dump connected pipe setup (Fig. 3.1) to study pressure
oscillations within a combustor. The two inlets were opposed at 162° and used an in-
jection angle of 60°. Liquid fuel was injected into the air inlets so some mixing would
take place upstream of where the flow entered the combustor. Calculated injection
velocities at the ports were about 140 m/s which yielded Mach numbers in the

combustor of approximately 0.3 to 0.45. Inlet temperatures were about 600 K and

L An alternative to the side dump geometry is the more compact coaxial “centre dump” geome-
try, but this is only practical for liquid fuel and solid fuel ramjets which do not use a gas generator.



Table 3.1: Geometries and test conditions from previous experiments

Reference Combustor Re in Air Type Injection Dome Fuel injection Stagnation Stagnation
diameter combustor | inlets angles height® | type pressure temperature
Clark [25] 196.85 mm 1850000 | 2 Circular 162° 60° 0.5 est. | In inlets 0.639 MPa 610 K
opposed
Choudhury [26] 89 mm No TP |4 Circular, 45°, 70° 0.6-4.0 | Radial central | No T,P data No T,P data
data cantable
Zetterstrom et al. 100 mm 1160000 4 Circular 60° 0.75 In inlets 0.714 MPa 704 K
[23] est.
Stull et al. [27] 150 mm 533000 2 Rectangular 30°, 45°, | 0.4-0.9 | In inlets 0.248 MPa 571 K
ventral 60°
Chuang et al. [32] | 127 mm 840000 2 Opposed 2D 45° 0.48 2 off-centre 0.199 MPa 286 K
Hsieh et al. [33] ports, 2D
Dijkstra et al. 100 mm 216 000 2 Circular ventral 45° 0.7 Central nozzle | 0.617 MPa 655 K
[35] (TNO-PML) protruding
30 mm
Dijkstra et al. 127 mm 260000 2 Circular ventral 45° 0.96 Central nozzle | 0.508 MPa 653 K
[35] (NAWC) protruding
51 mm
Ristori et al. 100 mm 1120000 2 Square, opposed 45° 0.65- 2 nozzles, 0.764 MPa 527 K
[36] 1.35 laterally
off-centre
Schadow [37] 150 mm 270000 2 Opposed rectan- | 45° 0-neg Central nozzle | 0.201 MPa 298 K
gular slits
Tsujikado 83 mm 460 000 2 Opposed 75° 0.5 est. | Central nozzle | 0.464 MPa 460 K
et al. [39]
Vigot et al. [40] 85 mm 1110000 | 4 Circular, shifted, | 45-90° 0.5 est. | Various NA NA
deflectors
Vigot et al. [40] 168 mm 1760000 4 Circular, shifted, | 45-90° 0.5 est. | Various NA NA
deflectors

“Dome height is given as a fraction of the combustor diameter and is the axial distance from the head of the combustor to the centre of the
air inlet(s).

e
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pressures about 0.6 MPa. While different combustor and inlet lengths, equivalence
ratios, and mass flow rates were used, this study focused on pressure oscillations
rather than combustor performance, so geometric effects on efficiency were not re-
ported. However, the data are useful for establishing possible flow conditions and
geometries for our tests.

Choudhury [26] studied a gaseous fuel system with four circular inlets spaced
equally around the circumference of a circular tube. Air injection angles were 45°
and 70° from the horizontal at speeds up to 150 m/s. The inlets could also be
canted to induce swirl. This research focused on the importance of the fuel and air
mixing at the head end of the combustor, and it was soon discovered that axial fuel
injection would disrupt the head-end vortices important for mixing. All subsequent
tests were then performed using radial fuel injection. Side inlet angle was found
to have little effect on the head-end mixing, but the dome height (distance from
the head to the air inlets) did have an optimum value. While combustion efficiency
benefited from increased combustor length, the head-end mixing and stability did
not. A very interesting observation was that the introduction of swirl by canting
the air inlets had a negative effect on the head-end mixing, in contradiction to many
other combustor configurations.

A similar four-inlet configuration (Fig. 3.2) was used in a Swedish study [23]
that involved flow visualization as well as gaseous fuel and solid fuel combustion
tests. The inlet angle was 60° from horizontal. Each inlet used a vane at its end
to divide the flow; this was needed to provide a stable flow pattern in the head of
the combustor. Unlike Ref. [26], however, in all cases the fuel was injected directly
into the inlet ducts rather than at the head of the combustor. Air inlet temperature
was a maximum 700 K, pressure 0.7 MPa, and calculated inlet air velocity 90 m/s.
Once again, combustion efficiency benefited from increased combustor length, while
stability, which depends more on the flow in the head end of the combustor, did
not. The dome height was not varied during the tests.

Stull et al. [27] studied a ducted rocket combustor with two rectangular air inlets
(50 mm by 70 mm with the long dimension aligned with the combustor main axis)
spaced 90° apart circumferentially on a 150 mm diameter tube (Fig. 3.3). Liquid
fuel (JP-4) was injected directly into the inlets rather than into the combustor. Air
was injected at angles of 30°, 45°, and 60° from the horizontal at a calculated speed
of 180 m/s. A parallel study using a plexiglass model of the same geometry was also

done. Dome height was varied from 25 mm to 150 mm measured from the upstream



30

K
SEC
FUEL PRIM
FUEL

Q E AN

T Sa——
(76 CN) )

(7¢CMm)

Figure 3.3: Dual ventral inlet combustor from Stull et al. [27]
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edge of the inlets, and had little effect on combustion efficiency. Air inlet angle also
had little effect on combustion efficiency, but 60° was the best. This insensitivity to
dome height and inlet angle over the ranges investigated indicated that the general
configuration of two inlets 90° apart produced a sufficient recirculation zone for good
mixing. However, a modelling study of the same configuration [28] but with gaseous
ethylene injected axially from a single 15 mm diameter port in the dome head showed
that the combustion efficiency was indeed sensitive to dome height (the best was
50 mm) and to air inlet angle (60° was again the best). Fuel injection position was
also important, with an eccentric position 38.1 mm below the centreline between
the air inlets being the best. While there were no experimental data to validate
the findings, the modelling results showed that injecting the fuel into the dome
head appeared to cause the mixing to be more sensitive to geometry than when the
fuel was injected into the inlets. Once again, combustion efficiency improved with

combustor length.

ZERO REFERENCE—\

POINT |__Xc(POSITIVE DIRECTION)
ec=90
p——1660—r s 35

apyusTABLE )\ 11008
DOME PLATE 3

Re
—FORWARD B} _ =;>_L 8c=0
& Gt 17
T — -tk

UNIT:mm SIDE VIEW i END VIEW

Figure 3.4: Dual opposed inlet combustor from Liou and Wu [29]

Liou and Wu [29] performed a flowfield study on a 100 mm diameter combustor
with dual rectangular (35 mm by 47 mm along the main combustor axis) inlets
opposed 180° apart and injecting air at 60° (Fig. 3.4). Dome height was fixed at
50 mm. No fuel was injected and the air flow velocity was very low (about 10 m/s
calculated). Large recirculation zones were obtained in the head of the combustor.
This configuration was only used for gathering Laser Doppler Velocimetry (LDV)
data on the flowfield. However, it has since been used to validate modelling work

with axial central injection of exhaust from a 50% (by mass) polyester 50% ammo-
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nium perchlorate gas generator at 100 m/s, and an air flow velocity of 200 m/s [30].
With these boundary conditions and geometry, good mixing and high combustion
temperatures were achieved. More recently, the data were used to validate mod-
elling work by Yen and Ko [31] to investigate the effect of the air injection angle
on the flowfield in the combustor. They varied the air injection angle from 30° to
90°, and found that the head-end vortices were stronger at higher angles. There are
also weaker recirculation zones downstream of the air inlets whose characteristics
are highly dependent on air injection angle. Cold flow pressure losses were insen-
sitive to air injection angle, however. They also concluded that three-dimensional
flow structures are different to those in two-dimensional flow, so care must be taken

when comparing the two situations.
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Figure 3.5: Two-dimensional combustor from Chuang et al. [32]

Ducted rocket flowfield studies have also taken place at Pennsylvania State Uni-
versity [32, 33] with a two-dimensional configuration of height 127 mm having dual
air inlets with an injection angle of 45°, and a dome height of 60.9 mm (Fig. 3.5).
Fuel was injected from two ports at one-half the distance between the centreline and
the combustor wall, but there was no combustion. Air velocity in the inlet was up
to 160 m/s. There were four recirculation zones, two between the fuel ports and one
between each fuel port and the wall. The flowfield, including the strengths of the
recirculation zones, was highly dependent on the momentum ratios of the injected
air and fuel.

A paper from Japan [34] described an investigation of a ramjet with many dif-

ferent inlet configurations (Fig. 3.6). Kerosene was injected directly into the intake
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ducts. Subscale combustion tests with dual rectangular-inlet configurations showed
that stable combustion was obtained only when the inlets were placed 90° apart
circumferentially rather than directly opposed at 180°, regardless of whether or not
guide vanes were used in the inlet ducts. Full-scale tests were done with configura-
tions of either four single or pairs of circular inlets placed 90° apart circumferentially
and injecting air at 90°. The configurations using four pairs of inlets had combustion

efficiencies of up to 95%. Unfortunately, dimensions of the hardware were not given

in the paper, but air flow rates were up to 15 kg/s.

« No recirculation - Recirculation zones were
zohe observed but unstable.

(Cheek inlet)

- Recirculation zones - Stable recirculation
were obtained but zones were observed.
unstable and weak.

Figure 3.6: Various inlet configurations, from Aoki et al. [34]

Tests were done at U.S. Naval Air Warfare Center (NAWC) and TNO-PML [35]
with dual circular air inlets spaced 90° apart circumferentially injecting air at 45°.
The two experimental setups used the same basic configuration, the one at NAWC
being 127 mm in diameter with a dome height of 102 mm injecting gaseous ethylene
through a central port at the head end of the combustor (Fig. 3.7), and the other at
TNO-PML being 100 mm in diameter with a dome height of 54 mm and injecting
exhaust from a GAP-based gas generator propellant, also through a central port
(Fig. 3.8). Calculated air injection velocity was 80 m/s (NAWC) or 100 m/s (TNO-
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PML), with an air inlet temperature of 650 K and combustor pressure of 0.5 MPa
(NAWC) or 0.6 MPa (TNO-PML). This study focused on how the shape of the
fuel injector affected combustion efficiency, and with the best injectors, designed to
enhance fine-scale mixing, the basic combustor geometry and boundary conditions

yielded combustor temperatures that suggest good combustion took place.
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Figure 3.7: NAWC experimental combustor, from Dijkstra et al. [35]
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Figure 3.8: TNO-PML experimental combustor, from Dijkstra et al. [35]
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The Office National d’Etudes et de Recherches Aérospatiales (ONERA) in France
initiated a research project on ramjets in 1995 [36] with the goal of improving com-
bustor design by using validated CFD codes. To validate these codes, they con-
structed a 100 mm square cross-section ducted rocket combustor with dual opposed
inlets, 45° air injection angle, two fuel injection ports 11 mm in diameter on the
centreline between the air injectors but each placed laterally 25 mm from the cen-
treline (Fig. 3.9). To date, only non-reacting flow measurements have been done
with both cold air flow and water tunnel tests. They found that the intensity of four
counter-rotating longitudinal vortices were very important to the mixing, which are
analogous to the two counter-rotating vortices seen in a combustor with dual ventral
inlets. They found that there was an optimum value for fuel jet momentum; too
low and there was not good penetration into the air jets for good mixing, and too

high the fuel would shoot through the air jets without mixing.

1ne.4

Figure 3.9: Square cross section combustor from Ristori et al. [36]

There are also some papers in the open literature that deal specifically with
ducted rockets using fuels containing boron. Adding boron to the fuel means a
significant increase in performance as long as most of the boron can be burned within
the combustor. However, boron fuels are difficult to ignite and burn efficiently, so
the mixing of the air and the fuel has to be even more carefully done than with
non-boron fuels in order to maximize combustor performance. A research paper
by Schadow [37] described the combustion of boron in a two-dimensional (square)
side dump configuration of 150 mm height and width. Air was injected through

two rectangular slits, one at the top and one at the bottom of the combustor, and
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was directed toward the central fuel jet at an angle of 45°. The calculated air
injection velocity was about 24 m/s, the chamber pressure about 0.2 MPa, and the
inlet temperature ambient. Unless the boron was initially at a temperature above
1950 K, excess gaseous fuel, injected with the boron into the combustor, had to mix
properly with the incoming air and burn at high temperature in order to sustain
combustion of the boron.

Work done at the Japan Defence Agency [38, 39] used an 83 mm diameter
combustor with dual opposed (180° apart) inlets injecting air at an angle of 75°
(Fig. 3.10). While not explicitly given in the papers, the dome height looks to be
about 25 mm, and with an assumed air inlet diameter of 32 mm, injection velocity

would be 140 m/s. Combustion efficiencies were reported to be over 90%.
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Figure 3.10: Subscale combustor, from Tsujikado et al. [39]

Both France and Germany have done extensive development work on boron-
fueled ducted rockets. Tests at ONERA in France [40] used both subscale (85 mm
internal diameter) and full-scale (168 mm internal diameter) combustors (Fig. 3.11).
Configurations of four inlets spaced circumferentially 90° apart were used, with two
inlets “shifted” downstream of the others toward the nozzle end of the combustor.
Deflectors were used to divide the air flow in each inlet so some would flow toward
the head end, while the rest would be injected further downstream. The air was
therefore injected at a range of angles for each inlet, from about 45° to 90°. The flow
Mach number in the combustors (not the air inlet ports) was very high at about 0.4.

Unfortunately, the air inlet port areas are not given so the air injection velocities
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could not be calculated. Fuel injection was also done with a variety of devices to
break up the boron particles effectively and cause efficient mixing with the air. In all
cases, good combustor behaviour was obtained and showed that this was a practical
configuration for an actual propulsion unit. German work since 1970, described in
[41, 42|, also dealt with configurations using four sets of air inlets, each set having
up to four separate ducts, some of which were shifted toward the nozzle end of the
combustor. Air injection angles appeared to be 45° to 60°. The best results had

combustion efficiencies of about 95%.

%Iedm

___________________________________________ _
primary airinlets  secondary air inlets primary secondary
"carburation zone" "dilution zone" airinlets  airinlets

Figure 3.11: Shifted air inlets, from Vigot et al. [40]

To summarize the findings, this literature survey showed that many different
configurations have been investigated. Air inlet injection angles from 30° to 90° were
used, both with and without splitters or guide vanes. Air inlet velocities were up
to 200 m/s, with temperatures from ambient up to 800 K and combustor pressures
from about 0.2 MPa up to 0.7 MPa. Dome heights were usually from 25% to 100%
of the combustor diameter, and for dual inlet systems, more stable recirculation
in the dome region was obtained having the intakes spaced 90° apart rather than
directly opposed at 180°. Methods of fuel injection varied widely, from axial to
radial when injected from the head, to injection in the air inlets themselves. Not
only was impingement of the fuel jet against the air jets desirable, but the air/fuel
momentum ratio had to be high enough to establish head-end recirculation zones
and break up the fuel jet to improve mixing. Mixing at the head end and small-
scale flow structures could be quite sensitive to geometry and boundary conditions
when the fuel was injected from the head. Computer modelling, flow visualization
with water tunnels or wind tunnels, and combustion tests (subscale and full-scale)
were all performed to identify the best configurations and maximize combustion

efficiency.
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3.3 Water Tunnel

The water tunnel, shown schematically in Fig. 3.12, is a closed system that uses
a 2 HP pump (Pump 1 in the figure) to circulate the water through the combustor
model at flow rates of up to 8 litres/s. Since water is used as the working fluid,
Reynolds numbers (based on combustor diameter) obtained in the plexiglass model
combustor are high enough (above 40000) to simulate those in an actual ducted
rocket combustor. However, velocities of only 1 m/s in the 100 mm diameter model
are sufficient to achieve these Reynolds numbers, and flow phenomena are therefore
slow enough to be recorded in real time with a video camera. The model is mounted
inside a rectangular tank which holds 560 litres of water. Because the tank is filled
with water, distortion of the view of the flow within the combustor model is kept to
a minimum. An internal wall dividing the tank in two parts inhibits anything used
to seed the flow from contaminating the water in the section surrounding the main

part of the combustor.
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Figure 3.12: Water tunnel and optics setup

The water that simulates the air and the fuel leaves the pump and is split into two
air pipes and one fuel pipe, each of which can be controlled individually with a valve.
The overall flow rate can also be controlled by a valve. Three sharp-edged orifices
in the horizontal upper pipe sections, coupled with differential pressure transducers,
were used to measure the flow rates through the air and fuel pipes. Figure 3.13

presents the optical setup used to generate a vertical light sheet so that only the
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longitudinal centreline plane would be visible. The laser sheet was produced by a
5 W Argon lon laser, expanded vertically by a cylindrical lens, and then recollimated
by a 100 mm spherical lens. By using a mirror, shifting the optical setup to the side
of the water tunnel, and viewing the combustor model from the end of the water
tunnel, cross-sections of the flowfield could also be seen. Images were recorded with

a video camera and transferred to a computer with a frame-grabber.
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Figure 3.13: Laser sheet optics

Seeding the flow so that the fuel flow could be differentiated from the air flow
inside the combustor model proved to be a significant challenge. For simply visu-
alizing the flow within the combustor, 100 um polystyrene beads were introduced
into the flow. Their traces could be easily seen by the naked eye or captured on
video tape and appeared to follow the larger flow patterns well. Unfortunately, if
they were introduced into either the air or the fuel lines, the other flow would soon
become polluted with the beads and could no longer be distinguished. Since the
mixing of the air and the fuel was really what was of interest rather than the flow
patterns, we had to find a method to keep them separate despite using a closed sys-
tem. The best choice seemed to be some sort of gas that would rise up after exiting
the combustor model and leave the water in the tank. However, if the bubbles were
too big, they would not follow the flow very well and would also rise within the com-
bustor since the buoyant forces acting on them were significant. Coloured dyes that

could be neutralized once they exited the combustor model were also considered,
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but nothing suitable was found, and other types of dyes or tracers would quickly
pollute the water. Attempts to simply use the 100 um polystyrene beads and filter
them from the fuel flow were not successful, but very fine bubbles were formed in
the fuel flow by the flow cavitating within the filter. This phenomenon was then
exploited by using a high-pressure water pump (Pump 2 in Fig. 3.12) to inject a
small amount of water continuously through a small nozzle into the fuel pipe. The
bubbles formed by this method were small enough (on the order of micrometres) to
be substantially influenced by the fine-scale turbulence structures in the flow and
were therefore much better than larger air bubbles or the beads for visualizing the
air /fuel mixing. Since they would slowly rise once exiting the model and most would
avoid being recirculated, they were much better suited to this closed system than
dyes or similar techniques. They were also much smaller than a pixel in the images
taken with the video camera, so the greater the number of bubbles present, the
brighter the pixel would be. The intensity of scattered light was therefore closely
related to bubble concentration.

Unfortunately, two phenomena meant that for a given concentration of bubbles,
the amount of scattered light, and therefore pixel intensity, varied greatly with
location. The first phenomenon is how light is scattered off the cavitation bubbles.
When viewing the images, one must keep in mind that the bubbles closer to the
laser (on the right of the images) will forward-scatter the laser light into the camera,
whereas the bubbles toward the head-end of the combustor model (on the left of the
images) will back-scatter the laser light. Since the amount of light forward-scattered
from a particle can be many times greater than that which is back-scattered, an
average bubble on the right of the images will appear brighter than one on the
left. The second phenomenon is the fact that the intensity of the laser light in
the sheet varies from top to bottom, being strongest at the centre and weakest at
the extremities. While we were unable to measure this intensity variation directly,
such a measurement at DREV on a similar laser revealed that the intensity of the
light near the edges of the sheet was only 14% of that at the centre. This means
that bubbles near the centre of the image will appear brighter than those at the
edges. Figure 3.14 of an image with constant bubble concentration demonstrates
this variation in scattered light intensity with location.

As previously mentioned, distortion of the images due to the round shape of
the combustor model and the differences in index of refraction between water, air,

and plexiglass, has been kept to a minimum by surrounding the plexiglass model
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Figure 3.14: Variation in scattered light intensity with location, constant bubble
concentration

Figure 3.15: Optical distortion of the combustor centreline plane
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with the water-filled tank. To demonstrate this a two-dimensional rectangular grid
was placed in the centreline of the combustor and an image recorded. As seen in
Fig. 3.15, the distortion is small. In fact, the only obvious distortion is where the
image is shifted behind the “air” inlet pipe which is at an oblique angle to the
camera.

The basic geometry of the water tunnel models was restricted to a combustor
with dual inlets spaced 90° apart circumferentially since this is a favoured configura-
tion for air-launched missiles, and was also one that recurred often in the literature
survey. Our geometry differed from a practical missile, however, since it used very
long air inlets and main combustor bodies, and had no nozzle. A practical ducted
rocket motor would have inlets that hugged the side of the combustor and their
ends would face directly forward and be below the missile, and the combustor sec-
tion would be shorter and have a nozzle at the end. However, our geometry was
chosen since it facilitated testing and determining the boundary conditions for the
water tunnel testing and CFD modelling. With the addition of a nozzle for com-
bustion tests, it was also easily accommodated in the TNO-PML direct-connect
combustion test facility. In fact, apart from the nozzle, the water tunnel and CFD
combustor geometries were identical to those used in the direct-connect combustion
tests.

Three different air injector and three different fuel injector geometries were tested
in the water tunnel and modelled with the CFD at different dome heights (distance
from the combustor head to the centre of the air inlets) and air/fuel momentum
ratios. (Air/fuel momentum ratio is defined as the product of the air mass flow
rate and the air inlet velocity divided by the product of the fuel mass flow rate
and the fuel inlet velocity.) Figures 3.16 and 3.17 show schematics of the plexiglass
combustor and its inlets. Three different fuel injectors are shown: FO0-27 has a
centrally-located 27 mm hole, F0-18 has a centrally-located 18 mm hole, and F1-18
has an offset 18 mm hole.

Table 3.2 lists the geometries of the air injectors. Injectors A2, A4, and A6
were used in the water tunnel experiments and the CFD modelling, and later in the
combustion tests as well. As previously mentioned, all of the air injector geometries

were dual inlet configurations with the inlets spaced 90° apart circumferentially (see
Fig. 3.18).
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Figure 3.16: Schematic of plexiglass combustor and fuel injectors

Air inlet

Figure 3.17: Schematic of plexiglass combustor with inlets, isometric view

Table 3.2: Air injector geometries

Model | Shape of air inlet | Air inlet angle | Air inlet diameter
A2 Circular 60° 38.1 mm
A4 Circular 60° 50.8 mm
A6 Circular 90° 50.8 mm
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Figure 3.18: Plexiglass model combustor in water tunnel

3.4 Characterization of the Flowfields

Based on the literature survey and previous ducted rocket combustor work car-
ried out at TNO-PML, 12 combinations of geometry and test conditions were chosen
to perform the bulk of the water tunnel and CFD work. They were generated from
two different air injection angles (60° and 90°), two different air injector sizes (38
and 51 mm), two different dome heights (57 and 100 mm measured from head to
the centre of the air inlet), three different fuel injectors, and five different air/fuel
momentum ratios (3 to 20). Each was tested and modelled at two different com-
bustor Reynolds numbers (approximately 50000 and 100000) to make up the 24
possibilities listed in Table 3.3.

3.4.1 Air/Fuel Mixing and Flow Patterns

Good mixing of the air and the fuel in the combustion chamber is a prerequisite
for efficient combustor performance. Since mixing occurs on the interface between

the air and the fuel, maximizing this interface is desirable. High turbulence levels,



Table 3.3: Configurations for water tunnel experiments and CFD modelling

Test | Air Air inlet Air inlet | Fuel | Dome | Air velocity | Fuel velocity | Air/fuel Air/fuel Re
inlet | diameter [mm] | angle inlet | [mm] [m/s] [m/s] mass ratio | momentum ratio | combustor
WT1 | A2 38.1 60° Fo-27 o7 2.50 2.17 4.59 5.30 98200
WT2 | A2 38.1 60° FO-27 o7 1.25 1.08 4.59 5.30 49100
WT3 | A2 38.1 60° Fo-27 o7 2.50 1.53 6.50 10.60 93100
WT4 | A2 38.1 60° FO0-27 57 1.25 0.77 6.50 10.60 46 500
WT5 | A2 38.1 60° Fo-27 o7 2.50 1.10 9.07 20.66 89500
WT6 | A2 38.1 60° FO0-27 57 1.25 0.55 9.07 20.66 44 800
WT7 | A4 50.8 60° Fo-27 o7 1.40 2.14 4.64 3.04 97600
WTS8 | A4 50.8 60° FO0-27 57 0.70 1.07 4.64 3.04 48 800
WT9 | A4 20.8 60° FO-27 o7 1.40 1.08 9.21 11.98 89000
WT10 | A4 50.8 60° Fo-27 o7 0.70 0.54 9.21 11.98 44500
WT11 | A4 20.8 60° F0-18 o7 1.40 243 9.19 5.30 89 000
WT12 | A4 50.8 60° F0-18 o7 0.70 1.21 9.19 5.30 44500
WT13 | A4 50.8 60° F1-18 o7 1.40 243 9.19 5.30 89 000
WT14 | A4 50.8 60° F1-18 o7 0.70 1.21 9.19 5.30 44500
WT15 | A4 50.8 60° F0-27 | 100 1.40 2.14 4.64 3.04 97600
WT16 | A4 50.8 60° F0-27 | 100 0.70 1.07 4.64 3.04 48 800
WTI17 | A4 50.8 60° F0-27 | 100 1.40 1.08 9.21 11.98 89000
WT18 | A4 50.8 60° FO0-27 | 100 0.70 0.54 9.21 11.98 44500
WT19 | A6 50.8 90° FO0-27 57 1.40 2.14 4.64 3.04 97600
WT20 | A6 50.8 90° FO-27 o7 0.70 1.07 4.64 3.04 48 8006
WT21 | A6 50.8 90° Fo-27 o7 1.40 1.08 9.21 11.98 89000
WT22 | A6 20.8 90° FO-27 o7 0.70 0.54 9.21 11.98 44500
WT23 | A6 50.8 90° F0-18 o7 1.40 2.43 9.19 5.30 89000
WT24 | A6 50.8 90° F0-18 o7 0.70 1.21 9.19 5.30 44500

ay
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Figure 3.19: Combustion chamber regions

which are associated with high flow velocities, along with well-chosen air/fuel mo-
mentum ratios, were necessary for good mixing. To facilitate the description of the
mixing, the combustor can be divided in three distinct regions, namely the dome
region, the air inlet section, and the main combustor region (Fig. 3.19).

While the exact flow patterns seen from the water tunnel images varied greatly
depending on configuration, particularly on air/fuel momentum ratio, two basic flow
features appeared to be common. The first, seen in Fig. 3.20, is a pair of longitudinal
vortices that are a continuation of the high-speed flow from the air inlets. These
structures corkscrew from below the centreline in the air inlet section and continue
downstream toward the nozzle. They entrain and transport the fluid from the dome
and air inlets regions of the combustor into the main combustor region. They also
add swirl to the flow and improve mixing by increasing the interface area between
the air and the fuel.

The other basic flow phenomenon is a recirculation zone from the air inlet section
into the dome region. Its purpose is to supply air from the air inlet region to the
dome region for mixing with the fuel, and its exact shape is dependent on the
strength of the fuel jet. At high air/fuel momentum ratios, the recirculation zone
appears to fill the entire height of the dome. However, when the fuel jet is moderately
strong, this recirculation zone decreases in height and turns back on itself below the

fuel jet as shown in Fig. 3.21. A second recirculation zone then forms above the fuel
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Figure 3.21: Recirculation zone in dome
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jet and rotates in the opposite direction. If the fuel jet is stronger still, however,
mixing is relatively poor since the fuel jet does not break up in the air inlet section;
it continues, relatively intact, into the main combustor region.

Due to the high Reynolds numbers of the flowfields, no dead zones were observed
anywhere in the combustor except in a few instances when some bubbles represent-
ing the fuel appeared trapped for a time at the extreme upper and lower left of the
combustor, above and below the fuel jet. As presented in the next section, however,
all configurations demonstrated time-dependent flow and in each instance, the flow-
field would eventually change enough to dislodge any trapped fluid and convect it

downstream.

3.4.2 Flow Stability

One important advantage of the water tunnel over the CFD modelling was that
the unsteady flow phenomena could be observed. The next series of figures show
sequences of six images of the flowfield in the combustor of all of the combinations
tested, taken at 30 frames per second, but only for the tests at a Reynolds number
of approximately 50000. This lower Reynolds number was chosen since evolution
of the fluctuations in the fuel jet is shown more clearly than at the higher Reynolds
number because of the lower flow rate. However, one combination will also be shown
in the next subsection at the higher Reynolds number to show the lack of evidence of
Reynolds number dependence. All images were taken on the longitudinal centreline
plane of the combustor where, assuming symmetry in the flows and the geometry,
there should be no flow normal to the image. The fuel jet enters from the left, and
the circular reflection just above is where the air inlet is attached to the combustor.
Due to the nature of the flowfield and the optical effects previously mentioned, the
most obvious changes in the flowfield can be seen near the fuel jet so that is where
the observations of the stability of the flow will be focused.

Figure 3.22 shows a series of six consecutive images of configuration WT2. As
with all the images, the contrast and brightness have been adjusted so that the
changing shape of the fuel jet can be more easily seen. The fuel jet appears stable
until it meets the air jets. In the first image, the fuel jet is longer than in the next
two images; in the fourth and fifth images, the fuel jet is longer once again and
the extra length is shed and travels downstream in the sixth image. The structures
being shed from the fuel jet disappear quickly from view, and are small compared

to those that will be seen for some of the remaining combinations.
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Figure 3.22: Configuration WT?2, air injector A2, fuel injector F0-27, air/fuel mo-
mentum ratio = 5.3
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Figure 3.23 shows configuration WT4 that has a geometry identical to configu-
ration WT2 but has an air/fuel momentum ratio which is twice as high. The air jets
are much stronger, and any fluctuations in the shape of the fuel jet are smaller. The
lower half of the fuel jet is pulled along somewhat toward the bottom and the exit of
the combustor. Figure 3.24 also has a similar geometry, but with even stronger air
jets. As with configuration WT4, the shape of the fuel jet remains fairly constant,
with only the lower part fluctuating periodically and being carried away by the air
jets. These first three configurations with the A2 air injector and F0-27 fuel injector
appeared to be the most stable of the combinations tested in the water tunnel, but
significant changes in fuel jet size and shape still occurred between the frames as
shown.

The next geometry tested used the A4 air injector, which has the same 60°
injection angle as the A2 injector but a larger 57 mm inlet diameter rather than a
38 mm inlet. Configuration WTS, shown in Fig. 3.25, has the same air/fuel mass
flow ratio as for configuration WT2, but the air velocity and momentum are much
lower. The fuel jet is therefore not as abruptly cut off as for configuration WT2,
and continues for a distance past the air jets. In the first two frames, the end of the
fuel jet sheds itself intermittently, and it remains unstable in the remaining frames.
Configuration WT10 shown in Fig. 3.26 has an air/fuel momentum ratio four times
as high, and once again the instability of the end of the fuel jet can be seen. The
pieces of the fuel jet that break off can be seen to dissipate more quickly than in
configuration WTS8, however, because of the relatively higher air momentum.

Configuration WT12, shown in Fig. 3.27, uses the same A4 air injector as the
previous two configurations, but the FO-18 fuel injector instead. Therefore, for the
same air/fuel mass flow ratio, the air/fuel momentum ratio will be lower. The
penetration of the fuel jet past the air jets is similar to configuration WTS that has
a similar air/fuel velocity ratio, though the air/fuel mass and momentum ratios are
different because the fuel injector sizes differ. The stability of the ends of the fuel
jet is similar as well.

Configuration WT14 is presented in Fig. 3.28 and is identical to configura-
tion WT12 except that the port in the fuel injector is placed off centre near the
bottom of the combustor. Because it is lower down, the fuel jet impinges against
the air jets in a different location than for configurations WT8 and WT12. However,
the tip of the fuel jet is still shed with approximately the same frequency, though
the size of the fluctuations is smaller than for configurations WT8 and WT12.
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Figure 3.23: Configuration WT4, air injector A2, fuel injector F0-27, air/fuel mo-
mentum ratio = 10.6
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Figure 3.24: Configuration WT6, air injector A2, fuel injector F0-27, air/fuel mo-
mentum ratio = 20.66
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Figure 3.25: Configuration WT8, air injector A4, fuel injector F0-27, air/fuel mo-
mentum ratio = 3.04
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Figure 3.26: Configuration WT10, air injector A4, fuel injector F0-27, air/fuel mo-
mentum ratio = 11.98
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Figure 3.27: Configuration WT12, air injector A4, fuel injector FO-18, air/fuel mo-
mentum ratio = 5.3
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Figure 3.28: Configuration WT14, air injector A4, fuel injector F1-18, air/fuel mo-
mentum ratio = 5.3
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Figures 3.29 and 3.30 show configurations WT16 and WT18 that are identical
to configurations WT8 and WT10, except that they use a dome height of 100 mm
rather than 57 mm. Unfortunately these images appear to be brighter, perhaps due
to differences in the seeding of the fuel jet. As seen just above where the fuel enters
the combustor in configurations WT16 and WT18, there are also some bubbles,
larger than the average bubbles used to seed the fuel jet in the other configurations,
both stuck to the wall and trapped in the recirculation zone. These not only reflect
considerable light into the camera, but provide light to re-illuminate the fuel jet
further downstream. As a result the fuel jet is much brighter, even where it may be
dilute, and appears to extend well past the air inlets. Despite this, the breaking-up
of the fuel jets can still be seen to take place at about the same point relative to
the air inlets as for configurations WT8 and WT10.

The remaining three configurations use the A6 air injector which is identical to
the A4 injector except for an injection angle of 90°. Figures 3.31 shows the series of
images for configuration WT20, and when compared to configuration WT8 (identical
except for the air injector angle) the fuel jet can be seen to be more unstable and
the size of the flow structures shed from the end of the fuel jet are larger. The
upper part of the fuel jet can also be seen to be “cut” by the air jet just at the
left-hand-side of the air inlet at 0.067 s and 0.133 s.

Unfortunately, the images shown in Fig. 3.32 indicate that the fuel injector
shifted toward the air injector during the test, thus reducing the dome height of
57 mm by a few millimetres. However, the relatively large flow structures seen in
Fig. 3.31 can also be seen to shed from the end of the fuel jet, and they dissipate
more quickly because of the increased air/fuel momentum ratio.

Configuration WT24, shown in Fig. 3.33, has the same air/fuel mass ratio as
configuration WT22 but a lower air/fuel momentum ratio because of the smaller
fuel injector. Because of the higher fuel velocity, the fuel jet extends further than
in configuration WT22, but the same lack of stability can be seen. Flow structures
of similar size break off, however, as in both of the previous two configurations.

All twelve configurations shown in these series of images demonstrate time-
dependent flow, with most of the evidence of large-scale fluctuations occurring down-
stream of where the air and the fuel jets meet. The configurations that exhibited
the least frame-to-frame variation in flow structure use the A2 injector and therefore
could be considered the most stable. The configurations using the A4 air injector

showed more rapid and larger fluctuations in fuel jet shape, so therefore the smaller
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t=0.167s

Figure 3.29: Configuration WT16, air injector A4, fuel injector F0-27, air/fuel mo-
mentum ratio = 3.04, dome height 100 mm
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Figure 3.30: Configuration WT18, air injector A4, fuel injector F0-27, air/fuel mo-
mentum ratio = 11.98, dome height 100 mm
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Figure 3.31: Configuration WT20, air injector A6, fuel injector F0-27, air/fuel mo-
mentum ratio = 3.04
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Figure 3.32: Configuration WT22, air injector A6, fuel injector F0-27, air/fuel mo-
mentum ratio = 11.98
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Figure 3.33: Configuration WT24, air injector A6, fuel injector FO-18, air/fuel mo-
mentum ratio = 5.3
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diameter air injector increased the stability of the fuel jet.

Changing to a smaller diameter fuel injector for a given air/fuel mass ratio
lengthened the fuel jet, but the frequency and approximate size of the scale of the
fluctuations remained similar. When the location of the inlet for this smaller fuel
injector was moved off-centre to the bottom of the combustor, the fluctuations shed
with the same frequency as for the other A4 air injector configurations, though the
fluctuations were smaller. Increasing the dome height for the A4 air injector, F0-27
fuel injector combinations did not appear to change the location or the frequency
of the break-up of the fuel jets. The length of the fluctuations seemed similar,
although optical differences in the images made it difficult to compare the overall
size of the fluctuations. Therefore, for the configurations examined, dome height
and fuel injector size or location did not appear to affect the overall stability of the
fuel jet.

The largest variations in the size and shape of the fuel jet occurred for the config-
urations with the A6 air injector and its 90° inlet angle. Not only were the size and
shape of the fluctuations not as consistent as for the 60° injectors, but the location
of the break-up of the fuel jet varied more, both horizontally and vertically. In ad-
dition, the fluid shed from the fuel jet could follow different downstream trajectories
as well. Increased air injection angle therefore had an adverse effect on the stability
of the fuel jet.

Despite the apparent differences in fuel jet stability, all of the above configura-
tions demonstrated some degree of air/fuel mixing by the time the flow was past the
air inlets, though this could not be quantified. The results from the CFD modelling
work will give a more quantitative ranking of the configurations, though the effect
of fuel jet stability on the air/fuel mixing will not be taken into account. In the
absence of a method to quantify the degree of mixing in the water tunnel or time-
dependent CFD calculations, however, the only way for us to assess the effect of
stability on the mixing would be to do properly-instrumented direct-connect com-

2. Since no “violently-unstable” behaviour was

bustion tests in actual combustors
observed in the water tunnel experiments, all of the above configurations therefore

appeared suitable for testing in the direct-connect facility.

2Unfortunately, these type of measurements were not available for most of the direct-connect
experiments, but recently some have been made for one configuration and are presented in Sec-
tion 5.6.
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3.4.3 Reynolds Number Effects

As previously mentioned, the applicability of the water tunnel results to the flow
in an actual combustor in the direct-connect facility using real fuel and air depends
on whether or not there is any Reynolds number dependence in the water tunnel
flow. If not, then the flowfield observed in the water tunnel should be representative
of the much higher Reynolds number flowfield in the actual combustor in the absence
of combustion and any compressibility effects. Figure 3.34 shows two series of frames
for the same combination of air injector, fuel injector, and air/fuel momentum ratio
at two different Reynolds numbers that encompassed the range examined in the
water tunnel. Since the rate of seeding into the simulated fuel jet is the same for
each configuration, the areas in the flowfield with some fuel present are brighter for
the lower Reynolds number configuration. Once this is taken into account, however,
along with expected frame-to-frame variation as seen from the previous figures, no
evidence of Reynolds number dependence for the size and shape of the fuel jets can
be observed. As for fluctuations in the size and shape of the fuel jet, the fuel jet in
the higher Reynolds number configuration appears smoother, but this is an effect
of having to use the same shutter speed at twice the flow rate. The result is that
the flowfield is “averaged” more than for the lower Reynolds number case. The
changes in size and shape of the fuel jet are similar in the two cases, but happen
at a much faster rate for the higher Reynolds number configuration. The evolution
of the shedding was therefore not captured in the images to the same extent as the

lower Reynolds number frames. These results were typical of all the combinations.

3.5 Summary of the Water Tunnel Results

Because of the hostile environment inside combustors, measurements of the
flowfield are difficult to make. Even in the absence of combustion, speeds are so
high that special techniques must be used. However, if geometric and dynamic
similarity can be respected, water tunnel visualization can provide important data
on the non-reacting flowfield inside combustors, and in this case proved to be an
excellent tool to qualitatively visualize the flow in a model ducted rocket combustor.

The water tunnel work began with a literature survey to identify the wide range
of geometries and test conditions that have been investigated for solid fuel ducted
rocket combustors. This, combined with previous experience on ducted rocket test-

ing at TNO-PML, was used to generate 24 combinations of geometry and test con-
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Figure 3.34: Reynolds number dependence, configurations WT11 and WT12, air
injector A4, fuel injector FO-18, air/fuel momentum ratio = 5.3
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ditions for the water tunnel visualization and the non-reacting CFD modelling to
be presented in Chapter 4. The tests on these configurations revealed two basic
common flow features, the first being a pair of longitudinal vortices that are a con-
tinuation of the high-speed flow from the air inlets. These structures corkscrew
from below the centreline in the air inlet section and continue downstream toward
the nozzle, transporting the mixture from the dome region of the combustor past
the air inlets and to the main combustor region. The second is a recirculation zone
from the air inlet section into the dome region, its exact shape being dependent on
the geometry and the air/fuel momentum ratios. It supplies air from the air inlet
section to the dome region for mixing with the fuel.

The water tunnel also revealed that all configurations tested demonstrated time-
dependent flow, with most of the evidence of large-scale fluctuations occurring down-
stream of where the air and the fuel jets meet. The configurations that exhibited the
least variation in flow structure and fuel jet shape used the A2 air injector (38 mm,
60°) and therefore could be considered the most stable, followed by the A4 air in-
jector (51 mm, 60°). Configurations with the A6 air injector (51 mm, 90°) showed
the greatest variation in fuel jet shape. Despite the apparent differences in fuel jet
stability, all of the configurations demonstrated some degree of air/fuel mixing by
the time the flow was past the air inlets, and never displayed “violently-unstable”
behaviour. Furthermore, no evidence of Reynolds number dependency was seen for

the fuel distribution in the water tunnel experiments.



Chapter 4

NON-REACTING FLOW
MODELLING

4.1 FLUENT Code

Computational fluid dynamics (CFD) modelling is based on using various dis-
cretized forms of the transport equations for fluid flow, commonly referred to as the
Navier-Stokes equations. The original form of these equations is often simplified to
facilitate their solution, but still capture the essential features of a flowfield. Their

general form for solution in a CFD code in tensor notation is [43]:

0
By (pu;p) = Dy + Sy (4.1)
%’_/ diffusion  sources

accumulation convection

0
o (pp) +
~—

where ¢ is a conserved scalar’. Normally these equations include the conservation
of mass, momentum, energy, and chemical species.

For the water tunnel, and for the combustion modelling to be shown later, the
flow can be assumed to be incompressible, a major but justifiable simplification.
Wilcox [44] writes the conservation of mass equation, for incompressible and con-

stant property flow with no body forces, in the following tensor notation:

(9ui
a.fi

—0 (4.2)

and for momentum:

ouy; 0 op 0

LA scalar with no sources nor sinks.
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where S;; is the strain rate tensor:

5= (5 + 52 (4.4

In theory, the flow could be solved with only the equations, all time-dependent,

presented to this point. To do this, however, the length and time scales charac-
teristic of turbulent flows would have to be resolved, and the spatial and temporal
discretization of the governing equations would have to take this into account. As
will be evident later, this would mean extremely fine grids of the geometry and time-
dependent calculations. With present computers, for a three-dimensional flow such
as in the water tunnel, solution of such a problem would not be practical because
of the time it would take. Fortunately, by time-averaging the governing equations
and using a turbulence model, such a flow can be solved in a reasonable length of
time with today’s computers.

The governing equations are first transformed by “Reynolds-averaging” or by
decomposing the instantaneous variables into time-averaged and fluctuating com-
ponents and then time-averaging the equations. For instance, the instantaneous

velocity becomes:

where @ is the time-averaged component and ' is the fluctuating component. This
expression is substituted for u; in Eqns. 4.2 and 4.3 and the result is averaged
over time. If the fluctuating quantity u; is truly random about the mean, then its
time average is zero and any term in which it is multiplied by a mean is also zero.
However, the product of two fluctuating quantities is not necessarily zero. While the
time-averaged mass conservation equation is similar to the instantaneous equation:

o,

o0x;

=0 (4.6)

the time-averaged momentum conservation equation has an extra term which con-

tains the product of two fluctuating quantities —pu/ju;:

ou; _Ou;  0p 0 _—
P —i—puja—xj = “os, + oz, (2053 pujui) (4.7)

This extra term is called the “Reynolds stresses”, and it accounts for the effect

of turbulence on the mean flow. The Boussinesq hypothesis relates the Reynolds
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stresses to the mean velocity gradients,

— ou;  0uy 2 Oty
—pulul, = - L) — 264 | pk — 4.8
platly = e ((%j + 8:)&,-) 3 ('0 T Ox;) (48)
where p is called the turbulent viscosity. For incompressible flow, the term —gi‘:

vanishes. The Boussinesq approximation is the basis of many turbulence mod-
els, including the widely-used k-¢ model. The main assumption with these models
is that the turbulence is isotropic. An alternative approach to turbulence mod-
elling, which can take into account any anisotropy of the turbulence, is to solve
an additional transport equation for each of the Reynolds stress terms (seven for
a three-dimensional problem). The improvement of the predictions with this ap-
proach, known as a Reynolds Stress Model (RSM), often does not justify its added
complexity and computational time for most problems, however.

The CFD modelling of the water tunnel experiments was carried out using a code
known as FLUENT (Versions 4.3 and 4.4) from FLUENT Inc. These versions of
FLUENT require a structured grid to discretize the geometry. FLUENT uses what
is known as a finite volume formulation. The geometry is divided into discrete finite
volume cells, and the generalized equation (Eqn. 4.1) is reduced to a finite-difference
form and integrated over the faces of these cells. This finite-difference form of the
generalized equation conserves each quantity on a control volume basis [45].

The exact geometries used in the water tunnel, and later in the combustion
tests, were modelled as precisely as possible in FLUENT. With a preprocessor called
GEOMESH (version 3) also from FLUENT Inc., the geometries were first created
within a computer-aided drafting module and nodes placed along the boundaries.
Hexahedral cells were then created between the nodes to approximate the geometry.
Structured grids of approximately 100 000 hexahedral cells were generated. Of these
100 000 cells, about 50 000 were termed “live” since they were contained within the
model geometry and fluid flowed through them. The remainder, termed “dead”
cells, were outside the model geometry, had no fluid flowing through them, but were
needed to keep the grid structured.

The Reynolds-averaged equations that FLUENT must solve include the overall
conservation of mass (continuity) and the conservation of momentum in three direc-
tions since the combustor geometry is three-dimensional. In addition, two species
conservation equations must be solved, one for the fuel and the other for the air
flow. To account for the effect of the turbulence, the Renormalized Group Theory

(RNG) model was chosen for the modelling of the water tunnel experiments. It
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Figure 4.1: Surface mesh of basic combustor geometry

is a modified version of the k-¢ model, but it yields superior results for recirculat-
ing, swirling flow such as that found in a ducted rocket combustor. The remaining
equations in this section describe this model as implemented by FLUENT [46]. As
with all two-equation turbulence models, including the k-¢ model, the RNG model

requires two additional transport equations to be solved for the turbulent kinetic

energy k:
ok 0 (kuy) 0 ok
— — = off = G — 4.9
pdt +p oz, 0z, Qg fi ff&xi + Gy — pe (4.9)
and its dissipation rate e:
dz  0O(euy) 0 de 5 g2
2 = piep— —Gp — Cyep— — 4.1
pdt + 0z ox; et ﬁ@&?i +G /{:Gk Coep k Fre (4.10)

if buoyancy and compressibility are neglected. oy and a. are the inverse effective
Prandtl numbers for £ and ¢, calculated from formulas derived from RNG theory.
Ci. = 1.42 and (5. = 1.68, also derived from RNG theory. G}, is the generation of

turbulent kinetic energy from the mean velocity gradients:
Gy = 1y S? (4.11)
where S is the modulus of the mean rate-of-strain tensor:
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and:

1 (0u; Ou;
Sij = = : ] 4.13
The term Rprng is the main difference between the standard k- and the RNG

models:

Cupn® (1 —n/no) €7
Rene = — 1_({_&73/ 0)? (4.14)

where § = 0.012, o = 4.38, and n = Sk/e.

The effective viscosity, pef, is determined from the following differential equation:

2 A~
p-k v .
d =1.72—-d 4.15

(\/_su) Vi —1-G, (4.15)

where 7 = p/per and C, ~ 100. The turbulent viscosity, needed to determine the

Reynolds stresses in Eqn. 4.8, is:

k2
o= pCuz (4.16)

where C), = 0.0845, derived from RNG theory.

FLUENT also adds an equation to account for swirl on the turbulent viscosity:

k
e = fio | (Oésa Q, g) (4.17)

where (2 is a characteristic swirl number, «; is a constant depending on whether
or not the flow is mildly swirling or completely dominated by swirl, and g is the
turbulent viscosity from Eqn. 4.16 calculated without swirl.

Estimates of the boundary conditions present in the actual water tunnel exper-
iments were used as inputs for modelling with FLUENT. Properties of water at
25°C were used as the working fluid for the air and fuel inlets, and incompressible
flow was assumed. Constant velocity inlet profiles at the end of the long inlet tubes
were used, along with a turbulence intensity of 10% and a turbulence characteristic
length 25% of the inlet diameters.?

2Unfortunately, converged solutions for a couple of configurations could not be obtained with
FLUENT V4.3 or V4.4 with the RNG turbulence model, but were obtained with the k-¢ model.
However, more recently, the same configurations, including meshes, physical models, and boundary
conditions, were modelled with the unstructured version, FLUENT /UNS V4.2, for which converged
solutions were obtained with the RNG turbulence model. These results from FLUENT /UNS will
therefore be presented.
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A very important difference between the water tunnel and the CFD modelling
that should be emphasized is that FLUENT, using Reynolds-averaged equations,
gives a time-averaged output of the flowfield. While modelling time-dependent flow-
fields is possible, for our geometries and test conditions it would not be practical
given the speed of the computers available to us. With the water tunnel, however,
this time-dependence can be seen and the flowfield does indeed vary continuously
with time. The water tunnel and CFD results should therefore only be compared
with this in mind.

After modelling the water tunnel geometries and configurations, other combustor
geometries of possible interest were modelled with FLUENT. While the use of the
water tunnel is a technique that is less resource-intensive than experiments in the
direct-connect combustion test facility, it still requires models to be constructed,
experiments to be carried out, and data to be reduced. With the CFD modelling, a
wide range of geometries and test conditions could be evaluated more quickly than
with the water tunnel. However, the limitations of CFD modelling, particularly the
assumption that the flow is quasi-steady, means that at least some experiments are

still essential for validation purposes.

4.2 Comparison of the Predicted Water Tunnel
and Direct-connect Combustor Flowfields

With the CFD modelling, further evidence for the applicability of the water
tunnel results to an actual combustor flowfield was generated. These calculations
were done to confirm that if the air and fuel flows are of different densities, how must
the air/fuel mass flow ratio be changed so the flowfields in the water tunnel and the
combustion tests are similar. With identical geometry and combustor dimensions,
realistic boundary conditions such as temperatures, densities, and velocities were
chosen for the actual fuel and air inlet flows in a mass flow ratio that would give the
same air/fuel momentum ratio as for the CFD and water tunnel studies. Configu-
ration WT1 was chosen for these calculations, and in the case of the water tunnel,
properties of water were used. For the air/fuel flowfield, properties of gas gener-
ator exhaust (from a solid fuel of 90% glycidyl azide polymer and 10% carbon by
mass) were used for the fuel inlet flow, and properties of vitiated air for the air inlet

flow. Both the air/fuel and water tunnel flowfields were assumed to be non-reacting
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Table 4.1: Boundary conditions and properties for configuration WT1, water tunnel
and air/fuel flowfields

Water Tunnel | Air/fuel flowfield
Air inlet velocity [m/s] 2.5 222.7
Fuel inlet velocity [m/s] 2.167 324.5
Air inlet density [kg/m?] 1000 2.898
Fuel inlet density [kg/m?] 1000 1.026
Dynamic Viscosity [kg/m-s] 0.0009 0.000 025
Air/fuel mass flow ratio 4.59 7.72
Air/fuel momentum ratio 5.30 5.30
Combustor Re 98198 846 555

and incompressible. Table 4.1 presents the boundary conditions used for the water
tunnel and air/fuel flowfield predictions.

As seen, the Reynolds numbers varied by an order of magnitude, but as previ-
ously discussed the water tunnel results showed no Re-dependence between approx-
imately 40000 and 80000, and should not at values above. The air/fuel mass flow
ratios differ greatly, and the velocity ratios somewhat, but the following graphs will
indicate that the critical parameter to describe the flowfield is air/fuel momentum
ratio. Figure 4.2 shows the mole fraction of fuel for both the water tunnel and the
combustion tests on the centreline plane, 57 mm from the head and in the middle of
the air inlet section. Here the fuel concentration and velocities vary greatly, and in
the case of the combustion tests, density does as well. However, despite all of these
differences in the fluid properties, excellent agreement between the calculated water
tunnel and combustion test flowfields is shown.

Figure 4.3 shows velocity magnitude normalized by the maximum velocity in the
combustor for the two cases. The centres of the flowfields are virtually identical, but
some differences exist toward the walls of the combustor. The greatest difference
occurs near the top of the combustor where the velocities are very low. However,
as seen previously in Fig. 4.2, the effect of this discrepancy on the air/fuel mixture
distribution is minor. For the contour plot on the centreline plane in Fig. 4.4, the
fuel distributions are virtually identical.

The CFD and the water tunnel images therefore show that the flowfields seen
even at the lower Reynolds numbers in the water tunnel should be representative of

the flowfield in an actual combustor in the absence of combustion and compressibility
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section

Air/fuel test
- - - Water tunnel

0.0 0.2 0.4 0.6 0.8
Normalized velocity magnitude

Figure 4.3: Predicted normalized velocity magnitude on centreline plane at
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Water tunnel

Air/fuel test

Figure 4.4: Predicted mole fraction of fuel on the centreline plane, legend on right

effects, if the same air/fuel momentum ratio is used. No evidence of Reynolds
number dependency was seen in the water tunnel experiments, and any differences
in the calculated velocities between the main fuel jet and the wall appeared to have
little effect on the fuel distribution.

4.2.1 Water Tunnel and CFD Comparison

To compare the CFD results with the water tunnel images, contour plots of
fuel mass fraction on the centreline plane were chosen. As previously mentioned,
however, quantitative comparison between the water tunnel images and the CFD
calculations is difficult because of the optical effects already explained. The appar-
ent concentration of the simulated fuel in the water tunnel images is therefore not
only a function of the number of cavitation bubbles present, but also of how the
laser light is scattered from these bubbles and the intensity of the laser light at a
particular location. Despite these problems, however, the shape of the fuel jets can
justifiably be compared in the CFD and the water tunnel images since the concen-
tration gradients at the edges are fairly sharp. If one takes these limitations into
account, the differences between the images away from the fuel jets would certainly
be reduced with the appropriate corrections.

Figure 4.5 compares a water tunnel image from configuration WT1 with a con-
tour plot of predicted fuel mass fraction (or volume fraction since the densities of the

simulated “air” and “fuel” are assumed to be identical) on the centreline plane from



76

the CFD modelling. The predicted fuel mass (or mole) fraction legend is shown at
the left. The areas of highest concentration in the fuel jet are the lightest-coloured
areas in the flowfield in both the water tunnel image and CFD modelling, and they
represent the fuel jet. The flow from the fuel jet gets turned back toward the head
end by the air jets where it is mixed. It is then carried downstream and, seen well in
only the CFD plot, reappears as a very dilute mixture at the aft end of the combus-
tor by the longitudinal vortices mentioned in a previous section. There is excellent
agreement between the shape of the fuel jets (areas of highest fuel concentration)
for the CFD plot and the chosen water tunnel image. However, it must be kept in
mind that the shape of the water tunnel fuel jet continually changes with time and
can vary significantly, as in Fig. 3.22.

In the water tunnel image, the reflection of where the air inlet connects to the
combustor is evident in the top left-hand corner, and forward-scattering from the
bubbles on the right-hand side of the image makes the apparent fuel concentration
appear higher there. Also, the area of intermediate fuel concentration, seen with the
CFD modelling below the fuel jet, cannot be seen on the water tunnel image because
the laser sheet intensity is much lower at the top and bottom of the combustor than
at the middle. These same effects will be seen in all of the water tunnel and CFD
comparisons.

Figure 4.6 shows the results for configuration WT3, which is identical to con-
figuration WT1 except the air/fuel momentum ratio is twice as high. The fuel jet
is therefore shorter, and is also turned back toward the head end by the air jets.
Since the air/fuel mass ratio is also much higher, the CFD results show that the fuel
concentration in the head-end recirculation zone is lower than in configuration WT1.

Configuration WT5, shown in Fig. 4.7, uses the same air and fuel injectors as
configurations WT1 and WT3, but the air/fuel momentum ratio is even higher, so
the fuel jet is even shorter. Once again, excellent agreement is obtained between
the shape of the areas of high fuel concentration in both the CFD results and the
water tunnel images. Because of the higher air/fuel mass flow ratio, the fuel in the
head end away from the fuel jet is even more dilute.

The next two configurations use the A4 air injector and the F0-27 fuel injector.
Figure 4.8 presents configuration WT7 which has the same air/fuel mass flow ratio
as configuration WT1, but because of the larger diameter air inlets the air/fuel
momentum flow ratio is lower and the fuel jet relatively stronger. The fuel jet

extends past the air jets, being only deflected by them somewhat, and is not forced
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Figure 4.5: CFD prediction versus experimental water tunnel image, configura-
tion WT1, air injector A2, fuel injector F0-27, air/fuel momentum ratio = 5.3 (left
CFED, right water tunnel)

Figure 4.6: CFD prediction versus experimental water tunnel image, configura-
tion WT3, air injector A2, fuel injector F0-27, air/fuel momentum ratio = 10.6 (left
CFD, right water tunnel)
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Figure 4.7: CFD prediction versus experimental water tunnel image, configura-
tion WT5, air injector A2, fuel injector F0-27, air/fuel momentum ratio = 20.66
(left CFD, right water tunnel)
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back into the head-end region as for the previous configurations. Good agreement
for high fuel concentration regions is once again obtained between the CFD and
water tunnel results.

Configuration WT9 in Fig. 4.9 has a similar air/fuel mass flow ratio to configu-
ration WT5, but a lower air/fuel momentum ratio because, once again, of the larger
air inlets. As such, the air jets are relatively more intense and abruptly cut off the
fuel jet and turn it back toward the head end. The CFD results also show a higher
fuel concentration in the head end region.

Figure 4.10 shows configuration WT11 which same air injector as configura-
tions WT7 and WT9, but a smaller fuel injector. The fuel jet extends much farther
than for configuration WT9 which has the same air/fuel mass flow ratio but a higher
air/fuel momentum ratio. In fact, the fuel jet behaves much the same way as in
configuration WT7 that has similar air and fuel velocities. Despite being deflected
downward somewhat, the fuel jet shoots past the air jets and therefore its dissipation
in the head-end region is limited.

For configuration WT13 in Figure 4.11, the fuel inlet port is lowered with respect
to configuration WT11, and this has a positive influence on the mixing as can be
seen by the area of dilute fuel below the fuel jet. The fuel jet is also cut off more
abruptly by the air jets in this position. The same effect can be seen in both the
CFD results and the water tunnel image.

The effect of dome height on the flowfield is illustrated in Fig. 4.12. Configura-
tion WT15 is identical to configuration WT7 except for the increased dome height
which seems to improve the dispersion of the fuel jet near the air jets. The fuel
jet also appears to be deflected more toward the bottom of the combustor than for
configuration WT'7.

Figure 4.13 presents configuration WT17, the increased dome height version of
configuration WT9. The fuel jet is cut off by the air jets and turned back toward
the head-end region at the same point relative to the air inlets. In fact, except for
the increased dome length that has the effect of lengthening the fuel jet and the
dilute fuel regions in the head end, increasing the dome height has no obvious effect
at this particular air/fuel momentum ratio. Agreement between the CFD results
and the water tunnel image is once again good.

The remaining three configurations use the A6 fuel injector with a 90° inlet angle.
Figure 4.14 presents configuration WT19 which has the same air/fuel momentum

and mass flow ratios, and fuel injector as configuration WT7 but uses the A4 air
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Figure 4.8: CFD prediction versus experimental water tunnel image, configura-
tion WT7, air injector A4, fuel injector F0-27, air/fuel momentum ratio = 3.04 (left
CFD, right water tunnel)

Figure 4.9: CFD prediction versus experimental water tunnel image, configura-
tion WT9, air injector A4, fuel injector F0-27, air/fuel momentum ratio = 11.98
(left CFD, right water tunnel)

Figure 4.10: CFD prediction versus experimental water tunnel image, configura-
tion WT11, air injector A4, fuel injector FO-18, air/fuel momentum ratio = 5.3 (left
CFED, right water tunnel)
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Figure 4.11: CFD prediction versus experimental water tunnel image, configura-
tion WT13, air injector A4, fuel injector F1-18, air/fuel momentum ratio = 5.3 (left
CFD, right water tunnel)

Figure 4.12: CFD prediction versus experimental water tunnel image, configura-
tion WT15, air injector A4, fuel injector F0-27, air/fuel momentum ratio = 3.04,
dome height 100 mm (left CFD, right water tunnel)

Figure 4.13: CFD prediction versus experimental water tunnel image, configura-
tion WT'17, air injector A4, fuel injector F0-27, air/fuel momentum ratio = 11.98,
dome height 100 mm (left CFD, right water tunnel)
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injector. Because the air jets impinge on the fuel jet at a sharper angle, the fuel
jet is shorter than for configuration WT7, and the fuel jet appears to disperse less.
However, as will be shown in the next subsection, the fuel jet for configuration WT19
actually disperses more, but away from the centreline plane.

The CFD modelling results for the next two configurations are from FLU-
ENT/UNS since converged solutions could not be obtained using the structured
FLUENT solver with the RNG turbulence model. Configuration WT21 in Fig. 4.15
is the same as configuration WT19 except for a lower fuel velocity and therefore
higher air/fuel mass and momentum ratios. Unfortunately, the fuel injector shifted
during the test by a few millimetres and the dome height is less than 57 mm, but the
fuel jet is cut off nonetheless at about the same point relative to the air jets for both
the water tunnel image and CFD results. When compared to configuration WT9
which is the same except for the A4 air injector instead of the A6, the steeper air
inlet angle once again cuts off the fuel jet more abruptly. Once again, dispersion of
the fuel jet appears to be less on the centreline plane.

Figure 4.16 presents configuration WT23. It is the same as configuration WT21,
including air/fuel mass flow ratio, except for the use of the F0-18 fuel injector
rather than the F0-27 which lowers the air/fuel momentum ratio to 5.3. Because
of this, the fuel jet is narrower but longer, extending past the air inlets. Once
again, however, the steeper air jets influence the fuel jet to a greater degree than
for configuration WT11 which uses the A4 air injector.

For all of the configurations presented, areas of high fuel concentration on the
centreline plane in the water tunnel images correspond well to those in the CFD
plots, particularly when the frame-to-frame variation in the shape of the fuel is
taken into account. Differences in the other regions of the flowfield can be explained
by phenomena such as reflections, scattering, and variation in laser intensity, and
as such there was no evidence to doubt the accuracy of the CFD modelling results.
Therefore, the CFD results will be used to provide a more quantitative comparison
between the configurations in the next section, and additional configurations will be

modelled as well.

4.2.2 CFD Visualization

Since the centreline contour plots and water tunnel images presented in the
last section provide a limited view of the mixing within the combustor, much more

extensive visualization and comparison was done with the CFD results at many
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Figure 4.14: CFD prediction versus experimental water tunnel image, configura-
tion WT19, air injector A6, fuel injector F0-27, air/fuel momentum ratio = 3.04
(left CFD, right water tunnel)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Figure 4.15: CFD prediction versus experimental water tunnel image, configura-
tion WT21, air injector A6, fuel injector F0-27, air/fuel momentum ratio = 11.98
(left CFD, right water tunnel)
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Figure 4.16: CFD prediction versus experimental water tunnel image, configura-
tion WT23, air injector A6, fuel injector FO-18, air/fuel momentum ratio = 5.3 (left
CFD, right water tunnel)
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different cross-sections. The following figures are all contour plots of fuel mass
fraction at cross-sections 50 mm apart. A scale of 0% to 30% was chosen since this
better highlighted the differences between the configurations. The fuel rich areas of
30% and above fuel mass fraction are red, and the lean areas are blue.

Configurations WT'1, WT3, and WT5 in Figs. 4.17, 4.18, and 4.19 use the A2 air
injector with the F0-27 fuel injector. In all three cases, the head-end dome region
is fuel rich and well distributed throughout. In the adjacent air injector area there
are zones of greatly varying concentration. In this area, the mixture in the dome
region appears to be transported by the vortical structures created by the air jets
downstream and toward the outside of the combustor. About 250 mm from the air
inlets the cross-sections appear to have a uniform fuel mass fraction, except for a
small leaner band against the wall. In configuration WT5, with the highest air/fuel
mass flow ratios, there is enough air recirculating back toward the head end to dilute
the fuel mass fraction almost everywhere there to below 30%.

Figures 4.20, 4.21, and 4.22 present configurations WT7, WT9, and WT11 which
all use the A4 air injector. Configuration WT7 has low air/fuel mass flow and
momentum ratios and while the fuel jet is deflected by the air jets, it disperses
very little and a region of high fuel mass fraction remains near the bottom of the
combustor until the exit plane. There are also some very lean areas in the dome
region. Configuration WT9 has a lower fuel flow and the flow patterns appear
more like those of configurations WT1, WT3, and WT5, though not as well mixed
downstream of the air jets. While configuration WT11 has the same air/fuel mass
flow ratio as configuration WT9, it uses the F0-18 fuel injector instead so the fuel
velocity is higher. Because of this, the fuel jet is relatively strong and the fuel
distribution patterns look more like configuration WT'7.

Configurations WT13, WT15, and WT17 in Figs. 4.23, 4.24, and 4.25 also all
use the A4 air injector. Configuration WT13 is identical to configuration WT11
except the port in the fuel injector has been moved toward the bottom. This has
caused the fuel jet to more directly impinge against the air jets and, despite having
the same air/fuel momentum ratio as configuration WT11, to be swept toward the
outside of the combustor as for configurations WT1, WT3, and WT5. While the
fuel jet is somewhat intact near the end of the combustor and causes a rich region in
the centre, a change in position of the fuel port has resulted in better mixing, even
in the dome region. Configurations WT15 and WT17 are long dome height variants
of configurations WT7 and WT9. In configuration WT15, the effect of increasing
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CONFIGURATION 1
FUEL MASS OR VOLUME FRACTION

A2 (60 DEG, 38mm), FO-27
AIR/FUEL MASS RATIO = 4.59
AIR/FUEL MOM RATIO

Figure 4.17: Predicted fuel mass fraction, configuration WT1, air injector A2, fuel
injector F0-27, air/fuel momentum ratio = 5.3

CONFIGURATION 3
FUEL MASS OR VOLUME FRACTION
A2 (60 DEG, 38mm), FO-27
AIR/FUEL MASS RATIO = 6.5 0.30

AIR/FUEL MOM RATIO = 10.6 I
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Figure 4.18: Predicted fuel mass fraction, configuration W'T3, air injector A2, fuel
injector F0-27, air/fuel momentum ratio = 10.6

CONFIGURATION 5
FUEL MASS OR VOLUME FRACTION
A2 (60 DEG, 38mm), FO—-27
AIR/FUEL MASS RATIO = 9.07
AIR/FUEL MOM RATIO = 20.66

Figure 4.19: Predicted fuel mass fraction, configuration W'T5, air injector A2, fuel
injector F0-27, air/fuel momentum ratio = 20.66
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CONFIGURATION 7/
FUEL MASS OR VOLUME FRACTION

A4 (60 DEG, 57mm), FO-27
AIR/FUEL MASS RATIO = 4.64
AIR/FUEL MOM RATIO = 3.04

Figure 4.20: Predicted fuel mass fraction, configuration W'T7, air injector A4, fuel
injector F0-27, air/fuel momentum ratio = 3.04

CONFIGURATION 9
FUEL MASS OR VOLUME FRACTION
A4 (60 DEG, 57mm), FO-27
AIR/FUEL MASS RATIO = 9.21
AIR/FUEL MOM RATIO = 11.98

Figure 4.21: Predicted fuel mass fraction, configuration WT9, air injector A4, fuel
injector F0-27, air/fuel momentum ratio = 11.98

CONFIGURATION 11
FUEL MASS OR VOLUME FRACTION
A4 (60 DEG, 57mm), FO—-18
AIR/FUEL MASS RATIO = 9.19
AIR/FUEL MOM RATIO = 5.3

Figure 4.22: Predicted fuel mass fraction, configuration WT11, air injector A4, fuel
injector F0-18, air/fuel momentum ratio = 5.3
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CONFIGURATION 15
FUEL MASS OR VOLUME FRACTION

A4 (60 DEG, 57mm), F1-18
AIR/FUEL MASS RATIO = 9.19
AIR/FUEL MOM RATIO = 5.3

Figure 4.23: Predicted fuel mass fraction, configuration WT13, air injector A4, fuel
injector F1-18, air/fuel momentum ratio = 5.3

CONFIGURATION 15
FUEL MASS OR VOLUME FRACTION
A4 (60 DEG, 57mm), FO-27
AIR/FUEL MASS RATIO = 4.64
AIR/FUEL MOM RATIO = 3.04
DOME HT = 100mm

Figure 4.24: Predicted fuel mass fraction, configuration WT15, air injector A4, fuel
injector F0-27, air/fuel momentum ratio = 3.04, dome height 100 mm

CONFIGURATION 17
FUEL MASS OR VOLUME FRACTION
A4 (60 DEG, 57mm), FO-27
AIR/FUEL MASS RATIO = 9.21
AIR/FUEL MOM RATIO = 11.98 0.30
DOME HT = 100mm !0127
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Figure 4.25: Predicted fuel mass fraction, configuration WT17, air injector A4, fuel
injector F0-27, air/fuel momentum ratio = 11.98, dome height 100 mm
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the dome height has improved the mixing since the fuel jet disperses more before
reaching the air jets. The fuel is therefore better distributed in the dome region
and around the outside and the top of the combustor in the aft end. For the higher
air /fuel momentum case, however, there is very little effect in the fuel distribution
due to increasing the dome height.

Figures 4.26, 4.27, and 4.28 show configurations WT19, WT21, and WT233,
all using the A6 air injector with a 90° injection angle rather than 60°. Configu-
ration WT19 is the same as configuration WT7 except for the air injection angle.
At this air/fuel momentum ratio, this results in more air in the head-end region,
but very little difference elsewhere. Configuration W'T21 is analogous to configura-
tion WT9, and likewise more air is present in the dome region. Downstream from
the air jets, the fuel-rich mixture from the head end is spread along the combustor
wall as for configuration WT9. However, toward the end of the combustor, the
mixture becomes more homogeneous, while with configuration WT9 a much leaner
area remains near the combustor wall. Configuration WT23 uses the smaller F0O-18
fuel injector as does configuration WT11, with the same air/fuel mass flow ratio as
configurations WT9 and WT21. The head-end dome region is once again leaner,
and the mixture more homogeneous toward the aft end of the combustor. The use
of the steeper air injection angle therefore causes more air to recirculate into the
dome region, and at the higher air/fuel momentum ratios more homogeneous mixing
results at the aft end of the combustor.

Figures 4.29, 4.30, and 4.31 present three configurations that were not tested
in the water tunnel. All have an air/fuel mass flow ratio of about 9.2. Configu-
ration WT25 is the same as configuration WT13 except the off-centre F1-18 fuel
injector has been rotated 180° so that the fuel jet is at the top of the combustor
near the air inlets (F1-18S means the fuel and air inlets are on the same side). With
this placement, however, the fuel jet does not impinge directly on the air jets and
rather than being swept to the outside as for configuration WT13, it passes through
to the aft end of the combustor near the centreline. The result is that the mixing is
not as good near the nozzle exit, but the fuel distribution in the head end is more
homogeneous. Configuration WT33 adds a 10X20 mm fence (designated F1-18SF2)
across the centre of the fuel injector and better dispersion of the fuel results around

the fuel inlet port. Above and below the fence adjacent to the fuel injector the mix-

3Configurations WT21 and WT23 were modelled with FLUENT/UNS since convergence with
the RNG turbulence model could not be achieved with the structured FLUENT solver.
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CONFIGURATION 19
FUEL MASS OR VOLUME FRACTION
A6 (90 DEG, 57mm), FO-27
AIR/FUEL MASS RATIO = 4.64
AIR/FUEL MOM RATIO = 3.04

Figure 4.26: Predicted fuel mass fraction, configuration WT19, air injector A6, fuel
injector F0-27, air/fuel momentum ratio = 3.04

CONFIGURATION 21 (FROM UNS)
FUEL MASS OR VOLUME FRACTION
A6 (90 DEG, 57mm), FO-27
AIR/FUEL MASS RATIO = 9.21
AIR/FUEL MOM RATIO

11.98

Figure 4.27: Predicted fuel mass fraction, configuration WT21, air injector A6, fuel
injector F0-27, air/fuel momentum ratio = 11.98

CONFIGURATION 23 (FROM UNS)
FUEL MASS OR VOLUME FRACTION
A6 (90 DEG, 57mm), FO—-18
AIR/FUEL MASS RATIO = 9.19
AIR/FUEL MOM RATIO = 5.3

Figure 4.28: Predicted fuel mass fraction, configuration WT23, air injector A6, fuel
injector F0-18, air/fuel momentum ratio = 5.3



89

CONFIGURATION 25
FUEL MASS OR VOLUME FRACTION

A4 (60 DEG, 57mm), F1-18S
AIR/FUEL MASS RATIO = 9.19
AIR/FUEL MOM RATIO = 5.3

Figure 4.29: Predicted fuel mass fraction, configuration WT25, air injector A4, fuel
injector F1-18S, air/fuel momentum ratio = 5.3

CONFIGURATION 33
FUEL MASS OR VOLUME FRACTION
A4 (60 DEG, 57mm), F1-18SF2

AIR/FUEL MASS RATIO = 9.19
AIR/FUEL MOM RATIO = 5.3

Figure 4.30: Predicted fuel mass fraction, configuration WT33, air injector A4, fuel
injector F1-18SF2, air/fuel momentum ratio = 5.3

CONFIGURATION 39
FUEL MASS OR VOLUME FRACTION
A2 (60 DEG, 38mm), FO—-18
AIR/FUEL MASS RATIO = 9.23
AIR/FUEL MOM RATIO = 14.25 !0.30
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Figure 4.31: Predicted fuel mass fraction, configuration WT39, air injector A2, fuel
injector F0-18, air/fuel momentum ratio = 14.25
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ture appears almost completely homogeneous. A slightly better fuel distribution at
the exit of the combustor also results.

The previous results indicated that high injection velocities promoted better
mixing as long as the air/fuel momentum ratio was high enough to prevent the fuel
jet from passing through the air inlet section. A combination of the smaller A2 air
injector and the F0-18 fuel injectors was therefore modelled in configuration WT39.
When compared to configuration W'T'5, differing by only the fuel injector port diam-
eter (F0-27), the higher fuel injection velocity results in a head-end fuel distribution
that is much more homogeneous. This head-end mixture is swept along in a similar
way to configuration W'T5H, and the resulting fuel distribution at the end of the
combustor is slightly more uniform.

From the above figures, the configurations likely to give the best and the worst
combustion test results can be chosen if this correlates with the homogeneity of the
fuel concentration. However, the effect of combustion on the mixing patterns has
not been considered, and only results from further CFD reacting flow modelling,
and/or experimental results, will determine if this is important. There is no single
configuration that has complete mixing throughout, and while fairly homogeneous
mixing occurs near the end of the combustor for some configurations, the geometry
modelled is unrealistically long for its diameter. To keep the length of the combustor
to a minimum with good combustion efficiency, good mixing in the dome region,

with some areas of near stoichiometric air/fuel ratio, is likely required.

4.3 Summary of the Non-reacting Flow Results

Non-reacting flow CFD modelling was carried out with the FLUENT code for
the same configurations as tested in the water tunnel. For all of the configurations
presented, areas of high fuel concentration on the centreline plane in the water tunnel
images corresponded well to those in the CFD plots. Differences in the other regions
of the flowfield can be explained by phenomena such as reflections, scattering, and
variation in laser intensity. With the time-dependency of the water tunnel flowfields
taken into account, there is no evidence from the water tunnel tests to discount the
accuracy of the CFD.

The fuel mass fraction contour plots of the various cross-sections in the combus-
tor provided a good method of visualizing the homogeneity of the fuel distribution.

No single configuration showed complete mixing throughout, but several displayed
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fairly homogeneous mixing near the end of the combustor. To keep the length of
the combustor to a minimum with good combustion efficiency, good mixing in the
dome region, with some areas of near stoichiometric air/fuel ratio, is likely required.

Using the same geometry and air/fuel momentum ratio as configuration WT1 but
boundary conditions for gas generator exhaust and vitiated air rather than water,
only very minor differences in fuel distribution and velocity resulted between the
water tunnel and actual air/fuel flowfields. This implies that the air/fuel momentum
ratio is the correct parameter to specify the relative amounts of the inlet flows and
obtain a similar flowfield between the water tunnel and direct-connect combustors.
Furthermore, the flowfields seen at the lower Reynolds numbers in the water tunnel
should be representative of the flowfields in an actual combustor, in the absence of

combustion.



Chapter 5

DIRECT-CONNECT
COMBUSTION EXPERIMENTS

5.1 Simulation of Flight Conditions

The ground testing of airbreathing flight propulsion systems poses special prob-
lems, particularly for ramjets which, as explained in the introduction, typically fly
at supersonic speeds. The obvious method is to put such a system into a supersonic
wind tunnel and test it at the flight speed required. However, wind tunnels capable
of supplying air at the freestream temperatures and pressures normally encountered
during supersonic flight are few and far between, and are very expensive to oper-
ate. Fortunately, if testing of the air intake system is not required, a practical and
much more economical alternative exists in the form of direct-connect testing. This
means that rather than simulating the static conditions and supersonic speed of the
air upstream of the air intake, the static conditions and speed of the air downstream
from the air intake are simulated.

To calculate the static properties and velocity of the air after the intake but
upstream of the combustor, the altitude, flight speed, and basic intake geometry
must be specified. For these experiments, a flight speed of Mach 2.5 and an altitude
of 6000 m were chosen, along with a two-shock intake system with the air passing
through an oblique shock, caused by an intake wedge turning angle of 15.5°, and
then through a normal shock before entering the combustor. The results are shown
in Table 5.1, assuming an ideal gas and adiabatic shocks. The static temperature
and pressure of the air downstream from the normal shock are much higher than
those upstream of the intake, but the velocity is much reduced. Baseline static

properties of 0.5 MPa and 600 K, in approximate agreement with the calculated
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Table 5.1: Conditions through the air intake system

Property Station 0 Station 1 Station 2
upstream of | downstream from | downstream from
oblique shock oblique shock normal shock

p [Pa] 47181 119610 458 484

ps [Pal 806 134 743 850 587273

T [K] 249.15 332.56 522.31

T; [K] 560.59 560.59 560.59

Mach number 2.5 1.852 0.605

Speed of sound [m/s] 316.4 365.5 458.1

Velocity [m/s] 791.0 676.8 277.3

values downstream from the normal shock, were therefore used for the experimental
and CFD modelling results that follow!.

5.2 TNO-PML Facility

Only a handful of direct-connect combustion test facilities exist in the world
that are suitable for testing ducted rocket combustors, and none of these are located
in Canada. Fortunately, because the work reported herein was part of a collabo-
ration between Canada and the Netherlands on ducted rocket propulsion, all of
the combustion experiments were carried out in the indoor direct-connect facility
at TNO-PML [47], unique because the motor firings actually take place inside. A
drawing of the building is shown in Fig. 5.1. As explained, the static conditions of
the air downstream from the intake system and upstream of the combustor must be
simulated, so the stagnation properties of the air for the experiments must be much
higher than ambient. This is done by pressurizing and heating the air.

In the TNO-PML facility, the air is pressurized by a compressor and heated in
a methane-fuelled burner called a vitiator. Before the experiment, the compressed
air is dried to remove excess humidity and is stored in tanks at 20 MPa. During an
experiment, the air is released and passes through the vitiator before entering the
ducted rocket combustor. Not only is methane supplied to the vitiator, but oxygen

to replace that used to burn the methane. This way, the mass fraction of oxygen in

ISeveral experiments were also done at a nominal combustor pressure of 1 MPa to provide data
for any dependence of combustor performance on pressure (PD-scaling).
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Figure 5.1: Indoor test facility at TNO-PML [47]

the vitiated air is approximately that of ambient air. A schematic of the gas supply
system at the TNO-PML facility is presented in Fig. 5.2. As seen, methane and
oxygen are also supplied to produce a pilot flame, ignited with a spark plug, which
in turn ignites the gases in the vitiator. Nitrogen is used to purge the methane lines
after an experiment.

The main drawback of using a vitiator is that the heated air is polluted with
combustion products. The two main effects of these combustion products are that
they alter the molar mass of the air, and the presence of extra combustion radicals
can alter the speed at which chemical reactions take place. While there are methods
of producing unpolluted heated air such as pebble beds and electric heaters, in
general they are much more expensive to build and operate. Fortunately, for these
experiments, the consequences of using vitiated air are not very important. The
different molar mass for the air could have an effect on performance determination,
but this is minimized since the composition of the vitiated air, not clean air, is
used for the calculations. Furthermore, the choice of methane as the vitiator fuel
means that as long as all of the methane is burned, the molar mass of the resulting
exhaust products is about the same as air and therefore has only a minor effect
on performance [48] as compared to clean air. The extra combustion radicals will
also have a minimal effect on performance since the main assumption for the CFD
modelling to be presented later is that the combustion is controlled by turbulent
mixing. This also implies that the chemical reactions are so fast that any change

due to the presence of extra radicals will have no effect.



95

Atmosphere

Dryer

Compressor
® 9!

Air sog—X Jl>4 SCMC ®
P
® \9! X
A soa Ducted
CH4 &A—CJ A‘ = rocket
3 b
G
D)
A | DG
®)
A DG
[:] Storage tank @ Thermocouple
Q Bufler D(] Pressure regulator
—
Fixed choke
-y Bod Vvalve
@ Pressure transducer
| ol Needle valve

(92}
@}
=
O

Sonic Control and Measuring Choke

Figure 5.2: Gas supply system [49]

To ensure the correct mass flow rates to produce the desired test conditions at
the ducted rocket combustor, the gases supplied to the vitiator all pass through
pneumatically-controlled pressure regulators and then through Sonic Control and
Measuring Chokes (SCMC). The pintles of the SCMC’s (Fig. 5.3) are set before
the experiment to give the specified throat area. By monitoring the temperature of
the gas just upstream of the choke, only the upstream pressure must be adjusted
during the experiment to give a constant mass flow rate through the choke. With
the facility set up as shown, the maximum test conditions are a temperature of
900 K and an air mass flow rate of 5 kg/s.

Downstream of the vitiator, the ducted rocket combustor and related hardware
are installed. For these experiments, existing ducted rocket hardware used for an
earlier test program at TNO-PML [35] was used as much as possible (Fig. 5.4).
Several key components can be identified in this diagram. The 100 mm diameter
combustor is made up of three sections, the first being the air injector, followed by
the two aft sections. The nozzle is attached to the last section. The air injector is

surrounded by an air plenum to distribute the air evenly to each of the air inlets. The
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solid fuel grain is housed in the gas generator. Once ignited, the exhaust is expanded
through a nozzle into the transition assembly and then into the fuel plenum before
it is injected, at subsonic speed, into the combustor.

Since the main reason for doing the combustion tests was to provide validation
data for the CFD modelling, the boundary conditions at the air and fuel inlets must
be characterized accurately. As part of the work for this thesis, major improvements
were proposed and implemented [49] to the air and fuel delivery systems of the
original ducted rocket facility so that the characterization of the boundary conditions
could be made with much more confidence (Fig. 5.5). For the air delivery, the air
plenum was replaced with a much larger one of 0.5 m internal diameter. This meant
the air inlet tubes on the air injector could be extended to be more like the plexiglass
model shown in Fig. 3.18. This, along with the addition of stainless steel honeycomb
at the entrance to each air inlet tube, was to make the initial velocity profile as flat

and parallel as possible.
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Figure 5.5: Improved ducted rocket hardware

For the fuel delivery system, rather than using a solid fuel for the gas generator,
an injection system of air and gaseous ethylene was added. In the right proportions,
the calculated equilibrium exhaust properties of the ethylene/air mixture are close
to those of the solid ducted rocket fuel mentioned in the introduction and proposed
for these tests [51] which contains 90% by mass GAP and 10% carbon. While
some tests were eventually done with this solid fuel, the bulk of the experiments,

including all of those reported here, were done with the simulated fuel of ethylene
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and air. This was because, particularly at the early stages of development, the mass
flow rates of the solid fuel were difficult to control and steady combustor operation
tough to achieve. However, much more consistent results were possible with the
gaseous ethylene since its mass flow could be controlled in much the same way as
the vitiator gases and the boundary conditions estimated with more confidence.
However, while an actual solid fuel must decompose by itself inside the gas
generator once ignited, the mixture of ethylene and air is much too rich to react at
the conditions present. About 10% of the ethylene is therefore injected into the head
of the gas generator where it reacts with the air in a combustible mixture, and the
remainder is injected into the transition assembly where it can react with the hot
exhaust from the gas generator. The main assumption here, of critical importance
to the CFD modelling to be described later, is that conditions are appropriate to
allow the mixture to approach thermochemical equilibrium before being injected
into the combustor. Figure 5.6 shows the flow of gases for both the air and fuel

delivery systems of the direct-connect facility.

CH4—~ A Rarmiet
N Y ir amjet | _ Ramjet
Air Vitiator plenum combustor|  exhaust
02—
Gas Fuel
C2H4 generator plenum

Secondary C2H4

Figure 5.6: Schematic of flows in the direct-connect apparatus

Two other minor modifications were also done. The first was also to the fuel
delivery system and involved the addition of an entrance tube to the fuel injector. It
extends into the fuel plenum and was added for the same reason as for the extended
air tubes, namely to cause the velocity profile of the fuel entering the combustion
chamber to be as flat and parallel as possible. The final modification was to remove
the aft combustor section and replace it with a shorter section which housed the
nozzle. This was done purposely to enhance the importance of mixing closer to the
head end of the chamber so that a greater effect on performance could be measured.

The ducted rocket hardware shown in Fig. 5.5 was mounted on a thrust bench
(Fig. 5.7) in place of the SFRJ test motor shown. The thrust bench is suspended
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1. Vitiator
2. Three-way valve

3. Test motor (SFRJ shown)
4. Thrust bench

Figure 5.7: Thrust bench [47]

on flexures to allow it to push against a thrust gauge. All supply gases are brought
to the vitiator and the gas generator through flexible hoses (not shown). The three-
way valve, normally used to divert the air away from the combustor motor before
the test to allow the vitiator to come up to operating temperature, was not used for
the ducted rocket experiments since the fuel is introduced only on demand. This
meant that the vitiated air was instead passed through the air supply system, gas
generator, and combustor before the test for 50 s to allow all the hardware to come
up to operating temperature.

The actual test setup used for the direct-connect experiments is shown in Fig. 5.8,
mounted on the orange thrust bench. The hot air arrives from the vitiator and is
conducted to the air plenum through a rigid pipe. The air plenum hides most of the
combustor section from view, but the nozzle can be seen. On the upstream side of

the air plenum, the gas generator is mounted.

5.3 Calculation of Efficiency

There are several parameters that could be used to characterize experimen-
tal combustor performance, including thrust, specific thrust, specific impulse, and
overall efficiency. However, none of these was suitable for comparison with the CFD

modelling that will be presented later, mainly because the focus of the modelling
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was only on the combustor and the parameters mentioned also include the effects of
other components such as the intake and nozzle. Several ways of calculating com-
bustion efficiency are in use at test facilities around the world to characterize ramjet
combustor performance [52], and of these efficiency based on temperature rise in the
combustor (nat) was chosen to characterize the direct-connect experiments. It also
has the added advantage of varying from 0% to 100% unlike other definitions of
efficiency such as that based on characteristic velocity (C*). It is defined by:

Nar = ot~ (5.1)

Referring to Fig. 1 in the nomenclature, T}, is the stagnation temperature at the end
of the inlet diffuser, T4 cxp is the experimental stagnation temperature just upstream
of the nozzle, and T4 theo is the theoretical stagnation temperature just upstream of
the nozzle.

Despite the apparent simplicity of Eqn. 5.1, the calculation of nat includes some
complicated steps. While the stagnation temperature at the end of the diffuser T}y
can be estimated from thermocouple measurements in the air plenum (for these
experiments approximately 600 K), this is much more difficult for the stagnation
temperature at the end of the combustor Ti4. Not only are the temperatures much
higher (perhaps 1500 K to 2000 K) and high velocities present, but this measure-
ment must also be averaged over the entire flowfield at the end of the combustor
(just upstream of the nozzle). However, several accepted and much more convenient
methods exist that estimate this temperature through the use of a thermochemical
code such as CET89 [53]. (An example of input and output files for calculations
with CETS89 is given in Appendix B.) The method chosen is based on measured
static pressure and does not explicitly use v (ratio of specific heats) in the following
three equations [52]. First, the measured static pressure in the combustor, p4, exp,
is used as an estimate of the stagnation pressure in the combustor. This, along
with the nozzle entrance-to-throat area ratio and the compositions, temperatures,
and mass flow rates of the vitiated air and gas generator exhaust are used as inputs
to CET89. The output includes the theoretical stagnation-to-static pressure ratio.
With the following equation a much better estimate of the stagnation pressure,

Dtd, exp, 18 made:

Pt4,th
pt4,0xp - ( eo) p4, exp (52)
P4, theo
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and CETS89 is run again with this and the other inputs previously mentioned. The
stagnation-to-static pressure ratio should remain unchanged (if not, the procedure
can be repeated) and the theoretical stagnation combustor temperature (T4 tneo),
the theoretical characteristic velocity (Cj.,), and theoretical gas constant in the
combustor (R4 theo) are noted. Next, the experimental characteristic velocity is
calculated:

C;Xp _ pt4,exp.A50D5 (5.3)

my

where 4 is the total mass flow rate through the nozzle. The experimental stagna-

tion temperature in the combustor is:

ﬂ4 theo R4 theo Cgf
Tis exp = : : P 5.4
thexw ( Ct*}?oo R47 exp ( )

For lack of an alternative, the accepted convention [52] is to assume that the exper-
imental gas constant (R4 exp) is equal to the value calculated with CET89 (Ry theo)-

The initial inputs for the above equations come from the measurements made
during the direct-connect experiments. There are approximately 30 different trans-
ducer measurements taken for a single test, sampled at 1000 Hz, which include
mainly pressures and temperatures. The mass flow rates for the various gases re-
quire several of the pressure and temperature measurements, as well as the diameters
of the sonic chokes through which they pass. There are also corrections applied for
compressibility and van der Waals forces to the mass flow rates. Some of the pres-
sure and temperature values, including those in the air plenum and combustor, are
averaged over two or more transducers or thermocouples. For a test, vitiated air
flows through the ducted rocket combustor and gas generator for 50 s to allow the
temperatures to stabilize. The ethylene flow then starts and continues for 5 s, dur-
ing which ramjet combustion takes place. After that, the experiment is gradually
shut down. The time-averaged values of the temperatures and pressures during this
period of ramjet combustion, after the pressure has stabilized inside the combustor
and before the ethylene is shut off, are the ones used for the data reduction. Because
each test generates a tremendous amount of raw data, including even a single ex-
periment in this thesis as an appendix was not practical. However, more details on
reducing the raw data can be found in references [49], [54], and [55]. Furthermore,
Appendix C presents the data for direct-connect configuration DC1, including the
averaged pressures, temperatures, and mass flow rates that are needed to use the

above equations to arrive at a value for combustion efficiency.
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5.4 Estimate of Uncertainty

Because the calculation of efficiency based on temperature rise in the combustor
is so complicated, the estimation of experimental uncertainty is far from trivial.
Several variables are involved, and the uncertainty of each propagates differently
through the data reduction equations before it affects the final result. However,
as long as the uncertainty of each variable can be estimated, techniques exist to
calculate the overall uncertainty of the final result, in this case the efficiency based
on temperature rise in the combustor, nar.

A method of how to describe uncertainties in single sample experiments by Kline
and McClintock [56] has formed the basis of estimating experimental uncertainties
for several years at TNO-PML. This method is also used in general applications
[57], and was used in a study specifically on uncertainty analysis in direct-connect
ramjet testing [58]. Each equation in the data reduction scheme is a function of n

independent variables:

f=f(x1,20,23,...,2,) (5.5)

The absolute uncertainty w; in the function f can be determined from the uncer-

tainties in each of the independent variables:

0 219 e ? 9 ’
wy = \/(8—1{1%1) + (a—iwm) + (a—i%) +yeeeyt (a—iwx7l) (5.6)

The uncertainties in the mass flow rates for the gas supply system [54] and other
basic measurements [55] for the TNO-PML test facility are given in Table 5.2. They

include both precision or random error, and bias or fixed error. They were taken

directly or estimated from the manufacturers’ data, or calculated using Eqn. 5.6.

From these, first the uncertainty of the vitiated air flow rate 1. Was estimated:

Wrinyigair — \/(wmair)z + (meH4)2 + (wm02)2 (57)

and the uncertainty of the total mass flow rate through the combustor calculated:

Wy =\ W) + (W)’ (5.8)

As already mentioned, the calculation of the efficiency based on temperature rise
in the combustor, nar, requires the use of a thermochemical equilibrium code such as

CETS89 to calculate some “theoretical” parameters such as the theoretical stagnation
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Table 5.2: Uncertainties in the measured parameters

Quantity Uncertainty
Air mass flow rate ri,;, 2%
Methane mass flow rate mcpq 2%
Oxygen mass flow rate mos2 2%
Ethylene mass flow rate rmcons 5%

Air plenum temperature Tiy 2%
Stagnation pressure in the combustor pi4 exp 0.6%
Nozzle area As 1.7%
Nozzle discharge coefficient cps 0%

combustor temperature (Tt theo) and the theoretical characteristic velocity (Cf..)-
Since the inputs to these calculations include the parameters listed in Table 5.2,
these too have associated uncertainties. Of these parameters, the uncertainty of the

oxidizer /fuel ratio O/F (Miyitair/cona) must first be calculated:

2 2
wo)r =O/F\/ (L) . (m) (5.9)
Myitair mMc2H4

Of all the inputs needed for the CET89 calculations (Section 5.3), O/F has by more

than an order of magnitude more influence on T4 theo and Cf ., than do the others.

Since the absolute uncertainty for each output will change for each configuration,
values of uncertainty for T}y theo and Cfy., are shown in Table 5.3 for direct-connect
configuration DC1. They were calculated by perturbing O/F by its uncertainty and

*

recording the change in Ti4 tneo and Cfj .-

Table 5.3: Typical uncertainties for theoretical parameters

Quantity | Uncertainty
T't47 theo 2. 9%
t*hco L. 7%

Next, the uncertainty in the experimental characteristic velocity was estimated:

2 2 2 2
* wpt4, exp ) ( wA5 ) < wCD5 ) (wn’i4 )
wee = Oy | (Lo ) (A5 ) ((Wens ) (2 5.10
exp P \/ < pt4, exp A5 cDs My ( )
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where, for these tests, cps is assumed to be unity and the uncertainty of this is
negligible. Next, the uncertainty for the experimental stagnation temperature in

the combustor Tiy, exp follows:

2 2 2
WThy o (2)wes, ) ((—2)w0* )
Wy o = Lt4, ex —2 ) 4 ) 4| S0 5.11
T e t47 p\/( ﬂ4,th60 ) ( ngp Ct*heo ( )

The uncertainty for the experimental stagnation temperature rise in the combustor

1s:

2
wATexp = \/(th4,cxp) + (th2)2 (512)

and for theoretical stagnation temperature rise in the combustor:

Watn = \ (010 me)” + (w1, (5.13)

Finally, the uncertainty for efficiency based on stagnation temperature rise in the

2 2
wATeXP B U)A theo
Whyar = 7]AT\/<AT ) + (7( A)Ttth ) (5.14)
exp eo

Table 5.4 shows values of the uncertainties for the calculated parameters for

combustor is:

direct-connect configuration DC1. As seen, the largest uncertainties, before the
actual calculation of naT, are associated with the estimation of the experimental
temperatures rather than the theoretical ones, so these have the largest impact on
the uncertainty of nat. The fact that a difference of two temperatures must be cal-
culated for both the theoretical and experimental temperature rises also magnifies
the overall uncertainty. Overall uncertainties for most of the direct-connect config-
urations were 10-15%? of the calculated efficiency, the average being 13%. However,
the reproducibility of the experiments was very good, being less than the average
experimental uncertainty. Four of the experiments were repeated with the same
specified boundary conditions; the actual boundary conditions were then estimated
as for the rest of the configurations. The results are shown in Appendix D.

While these values of overall uncertainty may seem high, there were unfortu-
nately no values of uncertainty given in any of the literature cited on direct-connect

experiments with which they could be compared. However, the fact that they seem

2The uncertainties given here are both positive and negative (ie. 10-15% = +10-15%).
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Table 5.4: Typical uncertainties for calculated parameters

Quantity | Uncertainty
o 2.6%
ﬂ4, exp 68%
AT 10.5%
AT heo 3.9%
AT 1 1.2%

high may well explain this deficiency and why researchers are reluctant to report
these values. The only comprehensive description of uncertainty analysis for direct-
connect testing found in the literature [58] gave values of overall uncertainty and
explained how they were generated, but they used values of uncertainty for the basic
measurement parameters reported elsewhere [52]. With these values of uncertainty
for the basic measurement parameters and using the method described in Section 5.3
to calculate nat, their estimate of uncertainty appears to be about 5%. However,
the uncertainties that they used for almost all of the basic measurement parameters
were lower than for these tests. For instance, their uncertainties were 0.9% for 1.,
0.5% for e, 0.8% for Tio, and 0.8% for As. Two that were higher were 1% for
cps and 1.2% for py exp. With these values substituted for the TNO-PML values,

the calculated overall uncertainty for nar is close to that estimated in [58].

5.5 Configurations

The configurations used for the direct-connect experiments and subsequently
modelled are presented in Table 5.5. The average fuel and air inlet velocities and
the air/fuel momentum ratio are calculated from the experimental pressure and
temperature data. Any numbers missing from 1 to 30 were either duplicate tests
or used solid fuel. Configuration DC4 is missing because it had a very high uncer-
tainty in the ethylene mass flow rate. As shown, a wide range of geometries, air /fuel
momentum and mass flow ratios, and two different combustor pressures were cho-
sen to provide extensive data for validation of the CFD-based method to predict

combustor performance.



Table 5.5: Combustor configurations for direct-connect experiments and combustion CFD modelling

Direct Water Air Fuel Dome Air/fuel | Air/fuel Combustor Fuel Air
Connect Tunnel Injector | Injector | Height | Momentum | Mass Static Velocity | Velocity
Configuration | Configuration® [mm] Ratio Ratio | Pressure [MPa] | [m/s] [m/s]
DC1 WT7, WT8 A4 Fo-27 57 2.62 7.79 0.396 416 140
DC2 WT9, WT10 A4 FO0-27 57 11.73 15.73 0.403 328 245
DC3 WT9, WT10 A4 Fo-27 57 8.89 13.84 0.875 282 181
DC6 WT1, WT2 A2 Fo0-27 57 3.90 7.09 0.411 443 244
DC7 WT5, WT6 A2 FO-27 o7 19.43 15.76 0.426 311 384
DC8 WT5, WT6 A2 Fo-27 57 17.94 14.96 0.944 239 287
DC9 WT1, WT2 A2 Fo-27 57 3.52 6.70 0.845 609 320
DC11 WT11, WT12 A4 F0-18 57 4.87 15.36 0.432 710 225
DC12 WT13, WT14 A4 F1-18 57 4.07 13.96 0.907 600 175
DC13 WT19, WT20 A6 Fo-27 57 2.30 7.00 0.44 436 143
DC14 WT21, WT22 A6 Fo0-27 Y 10.80 15.33 0.419 324 229
DC15 WT23, WT24 A6 Fo-27 57 5.20 10.66 0.904 358 175
DC16 WT19, WT20 A6 F0-27 57 2.37 7.11 0.8 999 200
DC18 WT15, WT16 A4 Fo-27 100 2.13 6.65 0.397 501 160
DC19 WT17, WT18 A4 F0-27 100 10.93 15.35 0.423 317 226
DC20 WT17, WT18 A4 Fo-27 100 8.31 13.34 0.882 288 179
DC21 WT15, WT16 A4 Fo-27 100 2.76 7.62 0.792 564 205
DC28 WT13, WT14 A4 F1-18 o7 4.84 15.32 0.44 692 219
DC29 WT11, WT12 A4 F0-18 57 4.42 14.54 0.923 568 173
DC30 WT25° A4 F1-18S o7 4.29 14.34 0.921 979 173

L0T

®This is the corresponding water tunnel configuration (same geometry and approximate air/fuel momentum ratio) used in the water tunnel
experiments and non-reacting flow CFD modelling presented in Chapters 3 and 4.
®This configuration was not tested in the water tunnel, but there are non-reacting flow CFD results.
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5.6 High-frequency Pressure Measurements

The combustor pressure data from the direct-connect testing of the configura-
tions shown in Table 5.5 showed some significant oscillations. If these were indeed
present in the combustor, they could greatly influence the mixing and combustion.
Unfortunately, due to the large number of data channels that had to be sampled
during these direct-connect tests, the sampling frequency could only be 1000 Hz
and it was therefore impossible to characterize and identify the source of these os-
cillations properly. Furthermore, low-frequency-response piezo-resistive transducers
were used, better suited to measure the steady pressure in the combustor rather than
any rapid fluctuations. Subsequent to these tests, however, an independent data ac-
quisition system was assembled to measure pressure oscillations in the combustor
properly, and a few tests carried out. This system included two high-frequency-
response piezoelectric pressure transducers, flush mounted to the inner combustor
wall and water-cooled to reduce drift due to heating. Their signals were sampled at
80 kHz and filtered to eliminate any 50-cycle noise (the frequency of the electricity
in the Netherlands). They were also filtered to eliminate aliasing above 25 kHz.
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Figure 5.9: Pressure variation versus time

Figure 5.9 shows the magnitude of the pressure oscillations from one of the

transducers versus time. The magnitude of the pressure oscillations due to flow
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noise, about 50 kPa, can be seen before the spike from the ignition of the gas
generator that occurs at 3.0 s. Shortly afterwards at about 3.3 s, the fuel-rich
exhaust from the gas generator and the vitiated air ignites in the ramjet combustor,
and the pressure oscillations are about 100 kPa in magnitude. Given that the
average static pressure in the combustor for this test was 0.42 MPa, the magnitude
of the pressure oscillations is indeed significant.

While the magnitude of the oscillations obviously changes before and after igni-
tion of the mixture in the ramjet combustor, Fast Fourier Transform (FFT) analy-
sis of the signal was done at one-second intervals to see if the frequencies of the
oscillations and the magnitude of each frequency also change. At 2.0 s, before ram-
jet ignition, Fig. 5.10 shows that there are two significant frequencies at 520 and
2890 Hz. Figure 5.11 shows an FFT at 6.0 s, well after ramjet ignition, and the
frequencies and magnitudes have changed significantly. There are dominant fre-
quencies at approximately 250, 800, 920, 1500, 2420, and 4820 Hz, some of which
may be harmonics of the others. The magnitude of the lowest frequency component
has also doubled with respect to the 520 Hz peak at 2.0 s.

Apart from showing that the combustor pressure oscillations can be significant,
these data have demonstrated that the magnitude and frequency of the pressure os-
cillations change when combustion occurs in the ramjet, and that there is a strong
possibility that they are coupled to the combustion processes taking place. The ef-
fect of these pressure oscillations on combustor performance has not been considered
in the CFD modelling, and therefore may help explain differences between the ex-
perimental and predicted results to be presented later. While time-dependent CFD
modelling is possible in theory and could take these oscillations into account, this
type of modelling would not have been practical for the three-dimensional, turbulent

reacting flowfield of interest here.

5.7 Summary of the Direct-connect Experiments

With the same geometries and range of air/fuel momentum ratios as for the
water tunnel, several configurations were tested in the TNO-PML direct-connect
combustion test facility. Many modifications were made to existing ducted rocket
hardware so that the characterization of the boundary conditions, particularly at the
air and fuel inlets, could be done with more confidence. These boundary conditions

are of critical importance to the CFD modelling.
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The measure of performance to characterize the results for each of the direct-
connect experiments was combustion efficiency based on temperature rise in the
combustor. Unlike other definitions of combustion efficiency often reported else-
where, it varies from 0% to 100%. It is also the best choice to compare with the
CFD results because it takes into account the performance of only the combus-
tor and not any other components. A comprehensive assessment to estimate the
experimental uncertainty of the combustion efficiency was also carried out. Over-
all uncertainties for most of the direct-connect configurations were 10-15% of the
calculated efficiency, the average being 13%. Unfortunately, very little was found
in the literature cited to compare with the values estimated for the experimental
uncertainty.

As with the water tunnel, time-dependent processes were expected to take place
inside the experimental direct-connect combustors, and they were confirmed with
the measurement of significant pressure oscillations. Furthermore, the measurements
demonstrated that the magnitude and frequency of the pressure oscillations change
when combustion occurs in the ramjet. There is therefore a strong possibility that
they are coupled to the combustion processes taking place. The existence of these
oscillations and their possible influence on combustor performance must be kept in

mind for the reacting flow CFD modelling predictions.



Chapter 6

REACTING FLOW
MODELLING

6.1 CFD Modelling of Ramjet Combustors

The work presented in this chapter has been summarized in two papers that
are included in Appendix E. The first [59] was presented at the 36th ATAA Joint
Propulsion Conference in 2000, and the second [60] was presented at the 37th ATAA
Joint Propulsion Conference in 2001.

Until the beginning of the 1980’s, the speed of computers was not fast enough
to allow CFD modelling of ducted rocket combustors to be practical. Since then,
not only has computer technology advanced by orders of magnitude, but CFD codes
have improved tremendously as well. Because turbulent mixing is a dominant phe-
nomenon in ducted rocket combustors, all of the previous modelling cited here used
the time- averaged Navier-Stokes (N-S) equations.

One of the first of the widely available CFD codes was “TEACH”, for Teaching
Elliptical Axisymmetric Characteristics Heuristically, developed at Imperial College
in London. This was used in 1984 [61] to model an axisymmetric dump combustor
with a circumferential air inlet and a fuel consisting of the exhaust from a 50%
polyester, 50% ammonium perchlorate (AP) formulation. The turbulence was mod-
elled with a standard k-¢ model, the combustion with an infinitely fast one-step
global reaction, and the flowfield was considered incompressible. A two-dimensional
Cartesian 49X15 grid was employed. The authors claimed qualitative agreement
with Schadow’s experiments [62].

The experimental combustor presented in Fig. 3.3 was the object of two mod-
elling studies. The first, in 1986, was by Vanka et al. [28] who discretized the
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geometry into an 11X11X24 grid of half the geometry (because of the symmetry
plane). Gaseous ethylene injected into the head was a departure from the exper-
imental study, however, which had liquid JP-4 fuel injected into the air inlets. A
one-step irreversible reaction with a Probability Density Function (PDF) model to
describe the turbulence/chemistry interaction was used. They also used a standard
k-e turbulence model and assumed that the flowfield was incompressible. They had
extensive calculated combustion efficiency data versus several parameters and com-
pared them with two data points from [27] for which the agreement was excellent.
Unfortunately, neither reference said what type of combustion efficiency was used,
nor what the uncertainty was. Furthermore, as already mentioned, the fuels and
injection were not even the same in the two cases. The second study by Wu et al.
[63], reported in 1995, used a finite-volume general-purpose code developed at Los
Alamos called KIVA3. The grid had 60000 nodes, and a modified k- turbulence
model was used. While KIVA3 can model combustion and two-phase flow, these
were ignored in this study, with the work concentrating on the effect of swirlers on
the non-reacting, but compressible flowfield.

The next three modelling studies used the dual inlet side dump combustor geom-
etry shown in Fig. 3.4 for which LDV measurements of turbulence intensity and
mean velocities exist [29]. All three studies modelled only the isothermal incom-
pressible flowfield in the combustor, the first two by the same research group who
did the LDV measurements. The first study [64] in 1988 used a standard k-¢ turbu-
lence model and a 40X10X9 grid. The authors claimed results for mean velocities
within 15% of the measured values. The second study [65] reported one year later
was the same as the first except an Algebraic Reynolds Stress Model (ASM) was
used for the turbulence. Results for mean velocities were still generally within 15%
of the measured values, but predictions for the vortices in the dome region were
improved. This is because the k-¢ model assumes isotropic turbulence, while the
ASM can handle anisotropic turbulence, albeit with an increase in complexity and
computational effort. The third study in 1993, by different researchers, used sev-
eral grids but found that the 56X20X15 grid was sufficient to minimize the effects
of grid size on the main flow structures. They felt that any improvement in the
predictions of the ASM over the k-¢ model was not worth the extra computational
effort, so the k- turbulence model was used. Their work showed that structures in
three-dimensional combustors were indeed different than those in two-dimensional

combustors, and were able to characterize the effects of changing inlet side angle on



114

the flowfield structures.

The two-dimensional combustor in Fig. 3.5 was also the subject of five modelling
studies, the first reported in 1989 by a group at Pennsylvania State University who
also performed the experiments [66]. They used a k-¢ turbulence model, uniform
inlet properties, and a two-step global reaction scheme for propane with a modified
Eddy Break-Up (EBU) combustion model to account for the turbulence/chemistry
interaction. From the vector plots of velocity, the grid appears to be about 30X18,
and consists of only the combustor and not the inlets nor the nozzle. The reason
given for focusing on a two-dimensional rather than a three-dimensional combustor
was that it was beneficial to study the two-dimensional case first. They claim that
they were able to reproduce the non-reacting flow structures seen in the Schlieren
images from the experiments. From the reacting flow modelling, they were able
to calculate the effect of dome height and inlet flow angle on calculated specific
impulse. Unfortunately, they do not say how they calculated specific impulse from
the computed data. The second study [67], from 1993, used the same CFD model
just described, and a grid that may be a few cells more dense. The goal of the
study was to determine the effect of air inlet location and equivalence ratio on com-
bustion efficiency and specific impulse. Unfortunately, the method of calculating
the performance parameters is not mentioned, nor is the type of combustion effi-
ciency used. A third study [68], also reported in 1993, used a 40X40 Cartesian grid
and adjustable implicit/explicit schemes with Taylor/Galerkin methods to deal with
widely differing length and time scales. They used a k-¢ turbulence model, modified
for compressibility, and a two-step global reaction scheme for propane combustion
with an EBU model. Results were considered preliminary, and while they appear to
have used the same geometry as in Fig. 3.5 with some minor differences, they have
done no comparisons with the experimental data.

The group from Pennsylvania State University seems to have used the same ba-
sic configuration of their two-dimensional combustor for some modelling work in
1994 [69]. They used a 99X46 mesh for the combustor, but also meshed a curved
inlet diffuser. They used a dual time-stepping method [70] to solve the compressible
flowfield, and used a low Reynolds number k-¢ model to describe the turbulence.
For combustion, they assumed a one-step reaction for propane. They were able to
demonstrate that the inlet and combustor could be modelled together, but unfortu-
nately did not compare the results with any experimental data.

The authors of the fifth study of this two-dimensional combustor, Chao et al. [71],
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summed up the CFD modelling tools available as of 1995 for design and performance
prediction as being far from satisfactory. They said that Direct Numerical Simu-
lation (DNS) calculations would be formidable, so they had to use a turbulence
model. Because of anisotropy in the turbulence reported by Liou et al. [65], how-
ever, they used ASM’s as well as the k- model. They also modified these to account
for compressible turbulence since they questioned the suitability of incompressible
turbulence models for compressible jet interactions. They equally questioned the
suitability of Cartesian grids because of numerical diffusion, so they opted for a
40X40 adaptive streamline grid. Denser grids were tried, but no significant improve-
ments in predictions resulted. To model the combustion and turbulence/chemistry
interaction, they used a clipped Gaussian PDF. Unfortunately, there were no ex-
perimental data available to validate their reacting flow predictions, but they were
able to compare their non-reacting flow predictions with the available LDV data
[32]. Predictions were better with the ASM’s than with the k-¢ model, particularly
when the constants of the ASM’s were changed. However, adding an extra term for
compressible turbulence to each of the models also improved predictions.

A French research team [72] described another study of a simplified two-dimen-
sional combustor with both CFD modelling and experimental results. The com-
bustor was 70 mm high, 340 mm long, with a dome height of 42.5 mm. The dual
opposed inlets were 5 mm wide and injected premixed propane and air at an angle of
90°. An injection velocity of 20 m /s was used for the comparison between modelling
and measurements. The modelling was done with a time-dependent finite-volume
code, a 53X24 grid, and a standard k-e¢ turbulence model. For the combustion, a
Coherent Flame Model, which is a type of laminar flamelet model, was used. Results
for comparison for the non-reacting flow showed reasonable agreement with hot-wire
velocity profiles at the head end, but this got worse toward the nozzle end. The
authors conceded that the oscillation of the impinging inlet jets was not properly
simulated and may account for the lack of agreement. For the reacting flow case,
the general pattern of combustion was reproduced, but there the authors said that
there was much room for improvement.

Another French paper from 1998 [73] redid the predictions of this simplified
combustor with a commercial CFD code called CFD-ACE from CFD-RC which
also used a standard k-e turbulence model and the Coherent Flame Model for com-
bustion. They claimed good qualitative agreement with the measurements, but a

comparison of the maximum heat release rate reveals that it is twice as high for the
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numerical as for the experimental results. This is likely due to use of a one-step
irreversible reaction for the Coherent Flame Model rather than allowing many more
species and an assumption of thermochemical equilibrium. CFD-ACE was also used
to model a coaxial dump combustor configuration [9, 74] which used liquid kerosene
as a fuel, sprayed as droplets into the combustor. They meshed from just upstream
of the flameholders in the combustor to the end of the nozzle with 120000 cells.
Before comparing the CFD and experimental results, however, they first tuned one
of the constants of the combustion model to properly locate the point of maximum
heat release for different combustor lengths. After tuning the model, however, it
was still not able to reliably predict combustion efficiency for all conditions, but
was able to show trends. Predictions ranged from very good to being twice those of
the experimental values. While they did identify the type of combustion efficiency
used (based on fuel/air ratio) they did not say how this was calculated from the
modelling data.

In 1993 Liou et al. [75] also reported a study on a small two-dimensional com-
bustor, 30 mm high, with a dome height of 22.5 mm with dual opposed air inlets
15 mm wide and an injection angle of 90°. A 1.6 mm slit in the centre of the head end
provided methane fuel. Not only did they perform non-reacting and reacting flow
predictions, but they performed LDV measurements on the non-reacting flowfield.
Bulk velocity in the combustor was only 23.9 m/s, so the flow was considered in-
compressible. They used an ASM to model the turbulence as a compromise between
the k-¢ and RSM. For the combustion, a one-step, finite-rate, irreversible reaction
for methane was used with the EBU model to account for the turbulence/chemistry
interaction. The solution with the 53X29 grid seemed grid independent. For non-
reacting flow, good agreement for reattachment length, velocities, and turbulence
parameters were obtained. For reacting flow, predictions for total pressure loss were
different from the non-reacting flow predictions and measurements.

Modelling work from the U.K. [76] reported in 1997 was done on a configuration
similar to that in Fig. 3.3 but with gaseous fuel injected in the head (there was
also a stabilizing fence). The dual ventral inlets injected air at an angle of 45°.
They used the FLUENT commercial CFD code, and created a mesh of 90000 cells
that included a portion of the inlets and the combustor. The flow was assumed
incompressible, and they used a 16-species adiabatic PDF to model the combustion.
The fuel was an unspecified exhaust composition from a solid fuel gas generator.

Unfortunately, the calculated temperatures in the combustor were much higher than
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the experimental values, and they attributed this to specifying gaseous instead of
solid carbon in the fuel composition. However, they were able to use the CFD results
to see the effects of changing fuel injection methods. Qualitative agreement was also
obtained with previous water tunnel results [77].

In 1999 a group at ONERA in France [36] reported work on CFD modelling,
water tunnel flow visualization, and LDV measurements on a square cross-section
ducted rocket combustor with dual opposed inlets, 100 mm wide and high, and a
45° air injection angle (Fig. 3.9). Propane fuel was injected from two ports of 11 mm
diameter in the head, and the dome height varied from 65 mm to 135 mm. Nu-
merical modelling was done with a three-dimensional Navier-Stokes code developed
at ONERA, k-¢ turbulence model, and a one-step EBU model modified to handle
rich flames. Because of the two symmetry planes, they meshed only one quarter
of the geometry, 48 260 nodes in the combustor and 9800 in the air inlet for the
combustion model, and 38625 in the combustor and 20250 in the air inlet for the
non-reacting flows (water and air). The results for the non-reacting flow showed
a lower degree of mixing than in the water tunnel visualization. They claimed
good general agreement, but axial velocities and fluctuations were underestimated.
However, they proposed the use of an ASM to improve these predictions. They
presented very limited results for reacting flow that showed a fluctuating mass flow
at the nozzle (time-dependent calculations) and one value of mean combustion effi-
ciency. Unfortunately, they have not defined their combustion efficiency or how it
was calculated.

The final reference cited here for modelling studies [78] is from 2000. They used
an axisymmetric combustor with a nozzle, and used a 240X50 grid with a finite-
difference, compressible flow N-S code. They used an “improved” k-¢ turbulence
model, but only modelled the non-reacting low. They used the results to determine
the effect of injection angles and inlet placement on the flowfield. Unfortunately,
there were no experimental data to validate the results.

To sum up the results (Table 6.1), most of the modelling studies considered only
the combustor, but a couple also included part of the inlet and/or the nozzle. Grids
were generally Cartesian. Flow was often assumed incompressible, except when a
nozzle was present or there were very high speeds in the air or fuel inlets. The k-¢
model, sometimes with modifications, was usually used to describe the turbulence.
Simple hydrocarbon fuels were usually used, and all except one were gaseous. In

that one case, liquid kerosene was injected into the flow and the trajectories and



Table 6.1: Previous CFD modelling

Reference Code Grid Turbulence Combustion model Fuel Experimental
model data

Chen & Tao [61] Incompressible, N-S | Axisymmetric k-e One-step reaction, in- | Exhaust from 50% | Schadow [62]

1984 (TEACH) 49X15 finitely fast polyester, 50% AP

Vanka et al. [28] Incompressible N-S | 3D, 24X11X11 k-e One-step reaction, in- | Ethylene Stull et al. [27]

1986 finitely fast, PDF

Wu et al. [63] Compressible N-S 3D, 60000 cells Modified k-¢ Non-reacting Stull et al. [27]

1995 (KIVA3)

Liou et al. [64] Incompressible N-S | 3D, 40X10X9 k-& Non-reacting Liou & Wu[29]

1988

Liou & Hwang [65] Incompressible N-S | 3D, 40X10X9 ASM Non-reacting Liou & Wu [29]

1989

Yen & Ko [31] Incompressible N-S | 3D, 56X20X15 k-¢ Non-reacting Liou & Wu [29]

1993

Cherng et al. [66] Compressible N-S 2D, 30X18 Modified k-& Two-step finite rate, | Propane Chuang et al.

1989 (estimated) modified EBU [32]

Onn et al. [67] Compressible N-S 2D, 32X18 Modified k-& Two-step finite rate, | Propane Chuang et al.

1993 (estimated) modified EBU [32]

Yoon & Chung [68] Compressible N-S 2D, 40X40 Modified k-& Two-step finite rate, | Propane

1993 EBU

Hsieh et al. [69] Compressible N-S, 2D, 99X46 Low Re k-¢ One-step finite rate Propane

1994 Dual time step

Chao et al. [71] Compressible N-S 2D, 40X40, adap- | Modified ASM Adiabatic PDF Propane Chuang et al.

1995 tive 32]

Montazel et al. [72] Incompressible N-S | 2D, 53X24 k-¢ Coherent Flame Propane Montazel et al.

1992 Model [72]

Dufour & Montazel [73] | Compressible N-S 2D k-¢ Coherent Flame Propane Montazel et al.

1998 (CFD-ACE) Model [72]

Liou et al. [75] Incompressible N-S | 2D, 53X29 ASM One-step finite rate, | Methane Liou et al. [75]

1993 EBU

Beasley & Ivey [76] Incompressible N-S | 3D, 90000 cells k-e 16 gaseous species, | Exhaust from un- | Beasley & Ivey

1997 (FLUENT) (full geometry) adiabatic PDF specified solid fuel [77]

Dufour & Montazel [73] | Compressible N-S 3D, 120000 cells | k-¢ Coherent Flame Liquid kerosene Stull et al. [9]

1998 (CFD-ACE) (full geometry) Model (two phase) Craig et al. [74]

Ristori et al. [36] Compressible N-S 3D, 58060 cells | k-¢ One-step reaction, Propane Ristori et al.

1999 (MSD) (1/4 geometry) modified EBU [36]

Zhang et al. [78] Compressible N-S 2D, 240X50 Modified k- Non-reacting

2000

STT
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evaporation of the droplets were modelled. There were no studies that took into
account the motion and decomposition of a solid phase, however. A variety of com-
bustion models was used, including one- or two-step global reactions, and some of
these accounted for the turbulence/chemistry interaction with an EBU model. Oth-
ers used newer models like the PDF or laminar flamelet models. The trend was,
with time, to use denser grids, the newer combustion models, and commercial CFD
codes. As for validation, only a couple of parametric studies were done to establish
grid-independence. Any comparison between CFD modelling and experimental re-
sults was for the non-reacting flow only, except in a couple of instances where some
reacting flow data were available. Unfortunately, none of the reacting flow studies
described exactly how combustion efficiency was determined from the CFD results,

and usually not even the type of combustion efficiency was noted.

6.2 Onestream PDF Model

As seen in Chapter 4 modelling the flowfield in a ducted rocket combustor is not
simple. However, it becomes much more complicated if combustion must be added.
The combustion of even the simplest fuels can involve hundreds of individual reac-
tions, so simplifications are absolutely necessary for CFD applications. The simplest
combustion models use a single global reaction and may include an Arrhenius-type
reaction rate. They neglect, however, one of the biggest challenges to modelling
practical combustion problems, which is how to describe the influence of turbulence
on the chemical reactions and vice versa. The EBU model, seen in several of the
earlier attempts at modelling combustion in a ducted rocket or ramjet, was one of
the first widely accepted methods for dealing with the turbulence/chemistry inter-
action. Basically, this model takes the slower of two rates for each reaction, one
calculated from the Arrhenius expression, and the other dependent on the turbulent
mixing. Unfortunately, this model relies on some empirical constants which must
often be “tuned” for each particular problem. Arrhenius data must also be used,
many of which have large uncertainties. Results also depend heavily on exactly
which reactions are chosen, so they must be chosen wisely. Normally, better results
are obtained with more reactions and chemical species, but one extra transport
equation, in addition to the overall conservation of energy, must be solved for each
additional species, so computational time will increase accordingly. For a ducted

rocket combustor, with the gas generator exhaust being the fuel, the choice of these
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reactions would be very difficult and, as seen in Table 6.1, has not been attempted
with the EBU model.

Fortunately, there is another method which, in combination with the assumption
of local thermochemical equilibrium at all but the richest regions, is well suited to
modelling a ducted rocket combustor using a solid fuel gas generator. The Proba-
bility Density Function (PDF) approach [19] is meant to model turbulent diffusion
flames, where the main assumptions are that the reaction rate based on the Arrhe-
nius expression is much faster than that based on the turbulent mixing, and that
the Lewis number (Le) is unity (ratio of mass diffusivity to thermal diffusivity, or
Pr/Sc =1). Being a turbulent diffusion flame also requires that the fuel and air
inlet streams be separate, as they are in the ducted rocket combustor. One of the
main advantages of the PDF approach over the EBU model is that regardless of how
many species are included in the fuel and oxidizer (air) streams, only two additional
transport equations have to be solved, one for the mean mixture fraction, f, and the
other for the variance of the mixture fraction, g. The mixture fraction is a conserved

scalar which varies between 0 and 1. It is defined by:

Zi — Zio
= — 6.1
where Z; is the mass fraction of the ith element, and the subscripts O and F denote
the values in the oxidizer and fuel inlet streams respectively. The equation for the

transport of the mean mixture fraction is:

0(pf) | 2lpmf) _ (ﬂa—f) + S (6.2)

oy 0x;

dt 8@ 8@

where S, is the transfer of mass from any droplets or particles in the combustor.

The transport of the mixture fraction variance is solved from:

d(pg) O(pwg) O (09 of 2 .
dt " or;  Ox; \ oy + Cghie O, Cdpkg (6.3)

where 0, = 0.7, C,; = 2.86, and Cy = 2.0 are recommended values [79].

Scalars such as the concentration of each species, the temperature, and the
density at any point in the combustor can be determined without solving transport
equations for them as long as the mixture fraction is also known at that point. In
fact, if the problem can be classified as adiabatic, solution of the equation for the
conservation of energy is not even necessary, which not only reduces computational

time because of fewer equations, but because of easier convergence of the solution
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when compared to the EBU model. Exactly how these scalars are related to the
mixture fraction is determined by the system chemistry. The simplest of these is
the “mixed-is-burned” approach which assumes that there is an infinitely fast and
irreversible reaction of the fuel and oxidizer to the products. While computationally
fast, this approach neglects any dissociation of the final products and therefore tends
to overestimate temperatures. A better approach, and the one used for all of the
reacting flow modelling presented here, is to assume that the fuel and oxidizer react
infinitely fast, and that the resulting products are in thermochemical equilibrium.
Still another approach is the laminar flamelet model which can take into account
non-equilibrium effects. Unlike the mixed-is-burned and equilibrium approaches,
however, the Arrhenius data for all of the chemical reactions must be known which,
as previously mentioned, would be very difficult for a ducted rocket combustor with
the gas generator exhaust being the fuel.

While the choice of the system chemistry establishes relationships of how the
instantaneous values of the scalars are related to f, the calculation of the time-
averaged values of the scalars requires different relationships to relate them to f
and take into account the turbulence/chemistry interaction. To calculate the time-

averaged species mole fractions and temperature, the following equation is used:

G = / ()il f)df (6.4)

where ¢; is a species mole fraction or the temperature and is a function of f. The

time-averaged density is calculated from:

1 ()
g d .
p /0 p(f) / (65)
The probability density function p(f) is:
PAASf = Jim =37 (6.6)

where 7; is the fraction of time that f lies between f and f + Af. The shape of the
PDF p(f) is extremely important to modelling the turbulence/chemistry interaction,
and the (-shaped PDF is thought to best represent experimental observations of

turbulent combustion experiments. It is given by:

__fa=nTt
p(f) _ ffail(l _ f)ﬁfldf

(6.7)
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where « is calculated from:
(6.8)

and [ is calculated from:

=[] (6.9)

The shapes of the 3-PDF are shown for three combinations of f and g (f = 0.5 and
g=2001, f=01and g =0.01, and f = 0.5 and g = 0.1) in Fig. 6.1. As shown,
the exact shape of the -PDF is very dependent on the mean mixture fraction
and its variance. FLUENT’s preprocessor called prePDF (Version 3.1) was used
to generate look-up tables for the relevant scalars using 21 discrete points for the
mean mixture fraction and 11 discrete points for the variance!. The centre point
of the distribution was set at f = 0.2, on the rich side of the stoichiometric value
of the mixture fraction (fsoien = 0.134 for a composition equivalent to a solid fuel
formulation with 90% GAP and 10% carbon) and equal to the minimum value as
recommended [46]. Furthermore, the rich limit was usually set to f = 0.5 (less if
there was difficulty in calculating the equilibrium composition at that value of f)
which means that prePDF would not calculate the equilibrium composition above
f = 0.5, implying that there was no reaction of the fuel with the oxidizer stream
above that limit. This limit was higher than the value recommended [46] of 1.5 to 2
times fstoicn, but the FLUENT recommendation is for hydrocarbon fuels in general.
For a composition such as the exhaust from a GAP/Carbon gas generator (or its
ethylene/air equivalent) which is already partially oxidized and at a temperature on
the order of 1000 K, a higher rich flammability limit was thought reasonable.
With the results of the calculations for the -PDFE’s, the look-up tables are con-
structed for the time-averaged values of the scalars with the use of Eqns. 6.4 and 6.5.
The necessary inputs include the species compositions and static temperatures at
the oxidizer and fuel inlets, and the static pressure inside the combustor. The list of
species that should be included in the calculations includes not only those that are
present in the oxidizer and fuel streams, but those expected in significant quantities
in the combustor after the two streams have mixed and reacted. An example, repre-

sentative of all of the direct-connect combustor configurations, is shown in Table 6.2.

"'While lots of points make for a higher resolution table, the problem will take more calculation
time. The number of discrete points used was chosen to give good accuracy within a reasonable
calculation time.
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Mean mixture fraction = 0.5, variance = 0.01
Mean mixture fraction = 0.1, variance = 0.01
Mean mixture fraction = 0.5, variance = 0.1

Probability density function p(f)
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Mixture fraction f

Figure 6.1: Probability Density Function versus mixture fraction, for f=0.5and
G=0.01, f=0.1and g =0.01, and f = 0.5 and g = 0.1

Table 6.2: Properties of a reacted ethylene/air mixture, O/F = 21.6

Temperature 2147.42 K
Static pressure 0.5 MPa
Species Mole fraction
Ar 0.009 85
CO 0.00078
COq 0.10298
H 0.000 02
HO, 0.000 01
Hy 0.000 17
H,0O 0.11524
NO 0.00593
NO, 0.000 01
No 0.703 33
O 0.000 21
OH 0.002 14
Oq 0.059 32
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Calculations were done with the thermochemical equilibrium code CET89 [53] for a
mixture at an overall air/ethylene ratio of 21.6 and a combustor pressure of 0.5 MPa.
The list of species predicted to be present in amounts greater than 0.1% includes
Ar, CO,, H;0, NO, Ny, OH, and O,. In addition, CH;, CO, HCN, H,, NH3, and
solid carbon (C(graphite)), were present in the partially-oxidized fuel stream (as to
be shown later in Table 6.3), and were also added to the list to make 13 species in
all to be considered. While many others are also present, they were predicted to be
present in very small quantities and therefore would affect the calculation of overall
combustor performance minimally with the PDF combustion models?.

Since adiabatic conditions are assumed, the time-averaged values of the scalars
are a function of mixture fraction only, so the energy equation need not be solved.

Examples of this are shown in Figs. 6.2, 6.3, and 6.4.
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X —CO ]
0.8+ €O, -
——— C(graphite)
- HZ -
g 06+ H,0 _
R N _
& 0,
Q
= 04 =
= i ]
/
0.2 -
00 i ’ T L — { { =
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Mixture fraction f

Figure 6.2: Species mole fraction versus mixture fraction (major species only)

2However, if a finite-rate chemistry model such as the EBU model were used, these minor species
can be critical to the predictions and could not be excluded based solely on their equilibrium
quantities.
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6.3 Boundary Conditions

As already mentioned in Section 5.2, the direct-connect hardware and experi-
ments were set up in such a way to facilitate the characterization of the boundary
conditions for the CFD modelling. For the air inlets, the tubes were lengthened as
much as possible within the air plenum and honeycomb installed to straighten the
flow and produce a uniform velocity profile at the combustor. Mean velocities at the
entrance to the air inlet tubes were calculated from the measured vitiated air mass
flow rate and composition, air plenum temperature, and combustor pressure during
the direct-connect experiments. While most ramjets with side-mounted inlets have
curved inlet ducts, the velocity profiles downstream from these curves depend heav-
ily on the exact geometry. LDV measurements of flow within a plexiglass model of a
curved inlet duct [80], also supplied with air from a large chamber, showed a uniform
velocity profile in the lengthy (370 mm) horizontal portion of the duct upstream of
the curve, but non-uniform downstream from it. A CFD study for a curved inlet
diffuser [69] also predicted a uniform velocity profile upstream of the curve in the
duct, and non-uniformity downstream from it. Therefore, since the air inlet tubes
are straight, the desired uniform velocity profiles can be expected throughout, so
this should be a good assumption at the air inlet entrances for the CFD modelling.

Because the air from the vitiator arrives at the air plenum in a small-diameter
pipe and is suddenly dumped, its turbulence level was likely high. Since no mea-
surements of the turbulence characteristics of the air entering the inlets could be
made, estimates of a turbulence intensity of 10% and a turbulence characteristic
length of 25% of the air inlet tube diameter were made for the CFD modelling.

In most of the combustor the Mach number is less than 0.3, so incompressible
flow can be justifiably assumed. This is a necessary assumption for the modelling
since FLUENT’s implementation of the PDF combustion model requires it. While
the flow velocities in the air and fuel inlets exceed this Mach number limit for some
of the configurations, Spalding [4] states that even flow velocities of up to Mach 0.8
need not be reproduced between a model and a prototype combustor, which implies
that they could still be treated as incompressible. However, since the flow had to be
assumed incompressible, the nozzle at the end of the combustor was not modelled
as for the water tunnel CFD modelling. In fact, exactly the same grids were used.

Characterizing the fuel inlet boundary conditions is much more challenging. As

for the air inlets, a constant velocity profile at the fuel inlet was assumed, along with
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a turbulence intensity of 10% and a turbulence characteristic length 25% of the fuel
inlet diameter. For all configurations, measured data from the direct-connect tests,
including pressures and temperatures, were used to calculate the measured flow rates
for the ethylene and vitiated air. These were then mixed in the gas generator and
fuel plenum, allowed to react, and consequently became the gas generator exhaust
that was injected through the fuel inlet into the ramjet combustor. As previously
mentioned, this ethylene/air mixture was meant to simulate the exhaust from a
solid gas generator fuel of 90% GAP and 10% carbon. Table 6.3 shows the equilib-
rium exhaust compositions, calculated with CET89 [53], of an ethylene/air mixture
(1.3823 air/fuel ratio) and a GAP/Carbon solid fuel expanded from a chamber
pressure of 1.175 MPa to the ramjet combustor pressure of 0.5 MPa. Reasonable
agreement in the exhaust compositions between the two fuels is achieved, and the
densities are within 15% of each other. The critical assumption is that thermo-
chemical equilibrium is reached in the fuel plenum, and continues through the fuel
inlet during expansion of the exhaust products. The best way to validate this as-
sumption was to directly sample the gases within the fuel plenum and analyze them
with gas chromatography, but unfortunately attempts to do this were not success-
ful. Temperature measurements with thermocouples in the fuel plenum also failed
due to high temperatures reached when the ethylene/air mixture was momentarily
stoichiometric during start-up. However, exhaust temperature measurements made
on small GAP/Carbon solid fuel gas generators [81] suggested that thermochemical
equilibrium being reached in the gas generator chamber was a good possibility. If
the GAP/Carbon fuel is likely in thermochemical equilibrium within its gas gener-
ator, so should be the ethylene/air mixture since it consists of compounds of much
lower molar mass and is therefore more reactive. Furthermore, while the sampling
and characterization of the gases was not successful for the ethylene/air mixture, a
significant proportion of soot was indeed present, as predicted by CET89. There-
fore, in the absence of definitive temperature and species measurements of the gas
generator exhaust, equilibrium is assumed in the chamber and throughout the ex-
pansion to the ramjet combustor. Because of the low pressure ratio, there is little
difference between the results for frozen or equilibrium flow during the expansion
process.

With the PDF combustion model, any inaccuracy in the exact species composi-
tion of the gas generator exhaust should not cause a large error in the energy released

by the reactions where the assumption of thermochemical equilibrium holds in the
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Table 6.3: Calculated gas generator exhaust properties

Ethylene/air GAP/Carbon
Temperature 1132.07 K 117254 K
Density 1.0255 kg/m? 1.171 kg/m?
Species Mole fraction | Mass fraction | Mole fraction | Mass fraction
Ar 0.00287 0.008 28 0.00000 0.00000
CH4 0.024 04 0.027 86 0.01370 0.01583
CO 0.106 73 0.21598 0.10992 0.22171
CO, 0.004 18 0.01329 0.002 81 0.00891
HCN 0.00001 0.000 02 0.00001 0.000 02
H, 0.35760 0.052 08 0.29390 0.042 66
H,O 0.01570 0.02043 0.009 52 0.01235
NH; 0.00018 0.000 22 0.00012 0.00015
N, 0.205 69 0.416 28 0.178 22 0.359 52
C(graphite) 0.28298 0.245 55 0.39178 0.338 86

ramjet combustor in the leaner, hotter regions. However, close to the fuel inlet, the
exact species composition profoundly influences the physical properties of the fuel
stream. Apart from geometry, the water tunnel experiments and CFD modelling
already showed the importance of the momentum ratio of the air and fuel streams
on mixing. This was confirmed independently in a more recent study [36] where
the size of the fuel injection holes was changed to keep momentum ratio the same
between the water tunnel studies and cold-flow experiments using propane fuel in-
jected into air. For the direct-connect experiments, a change in the proportion of
solids and/or the overall molar mass of the gases in the exhaust will alter the air/fuel
momentum ratio. For example, a small change in the mole fraction of hydrogen, a
gas which may be present in significant quantities in the exhaust, can greatly change
this momentum ratio since its molar mass is an order of magnitude less than most
of the other gases present. A parametric study will be presented in Section 6.4 to
show the significance of possible errors in the composition and temperature of the
gas generator exhaust, and others such as turbulence intensity, on the calculated

temperatures and combustion efficiencies.
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6.4 Onestream PDF Results

As seen with the non-reacting flow modelling results, visualization of the output
from CFD is a powerful tool to understand the phenomenon inside the combustor.
In this section, the results of the fuel distribution and the temperature field in the
combustor for each of the direct-connect configurations listed in Table 5.5 will be
compared. Before these results are presented, however, the results of a parametric

study of the modelling assumptions and approximations will be shown.

6.4.1 Parametric Study

An important part of any CFD modelling study is to estimate the impact of
the various assumptions and approximations on the output. With a configuration
similar to configuration DC1 as a baseline (Table 6.4), several of the parameters that
could be adjusted for the modelling were examined for their impact on the calculated
combustion efficiency®. The baseline configuration used the RNG turbulence model,
onestream PDF combustion model, and inlet boundary conditions of 10% turbulence
intensity boundary and a flat velocity profile as previously described. The grid used
56 688 cells (for half the geometry) and adiabatic walls were assumed. Since nitrogen
is the predominate species in the combustor, the baseline model used constant values
of 1.7894-107° kg/(m-s) for viscosity and 0.024 1 W/(m-K) for thermal conductivity
(nitrogen at 300 K). The use of temperature-dependent polynomials for viscosity and
thermal conductivity rather than these constant values was tried but had little effect,
primarily because the conditions that render the situation suitable for modelling the
combustion with a PDF approach also imply that these transport properties have
little influence over the mixing.

As already presented in Eqn. 5.1, the chosen measure of combustor performance

is the efficiency based on temperature rise in the combustor:

o ,Tt4,exp - ﬂQ

naT =
ﬂ4,th00 - ﬂ2

For the CFD results, T}, is the air inlet temperature, and T}4 cx, is the mass-averaged

stagnation temperature at a given cross-section in the combustor. As for the ex-

3The configuration for the parametric study used nominal values of the boundary conditions
specified for the direct-connect configuration DC1. Understandably, these nominal values were, in
general, not achieved during the experiments. The remainder of the CFD modelling did, however,
use values for the boundary conditions derived from the experimental measurements during the
direct-connect tests.
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Table 6.4: Configuration for parametric study

Air injector A4
Fuel injector Fo0-27
Air inlet velocity [m/s] 127.7
Fuel inlet velocity [m/s] 301.1
Air mass flow rate [kg/s] 1.5
Fuel mass flow rate [kg/s] 0.177
Air/fuel mass flow ratio 8.486
Air/fuel momentum ratio 3.6
Combustor Static Pressure [MPa] | 0.5

perimental Nar, Tiatheo is calculated from CETS89 using the static pressure in the
combustor, the nozzle entrance-to-throat area ratio and the compositions, tempera-
tures, and mass flow rates of the vitiated air and gas generator exhaust as inputs. In
the graphs, the value of nar from the CFD results is given not only at the 458 mm
cross-section which represents the length of the combustor in the direct-connect
experiments, but also at the 100, 200, 300, 400, and 500 mm cross-sections®.

The percentage change due to changing one of the parameters is defined by:

TIAT,new — TJAT, baseline

% change = - 100 (6.10)

TIAT, baseline

where NAT new 1S the new value of the efficiency with the parameter of interest
changed. Figure 6.5 shows the effect of the choice of turbulence model on nar. The
use of the k-¢ turbulence model, not the best choice for this type of flow, increases
the calculated efficiency by 17%. The RSM turbulence model has a much smaller
impact on calculated efficiency, being about 7% at the 458 mm cross-section, but
this model, like the RNG model, is better for this type of flow than the k-¢ model.

The next graph, Fig. 6.6, shows that doubling the turbulence length scale has
a very small effect on the calculated efficiency. However, the value of turbulence
intensity has a profound effect on nat for this configuration. Changing it to 1%
or 20% from baseline 10% changes the magnitude of the calculated combustion
efficiency for this configuration by about 25% at the 458 mm cross-section.

To check the grid-independence of a CFD solution, the grid should be refined

and any change in the solution noted (Fig. 6.7). If a grid is too coarse, a phe-

4The same basic geometries were used in the water tunnel and direct-connect experiments. The
grids generated to model the water tunnel combustors, 500 mm in length, were therefore also used
to model the direct-connect combustors of 458 mm in length.
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nomenon sometimes termed “numerical diffusion” or “artificial viscosity” has the
same effect as increasing the diffusion in the flow. Its effect is more pronounced
if the flow is not aligned with the grid. Unfortunately, because of the increased
calculation time, refining the grid is often not practical. For the configuration in
Table 6.4, the grid (for half the geometry) was refined to 147 868 cells (fine grid) and
453 504 cells (doubled grid). The fine grid gave a value for nat about 7% lower at
458 mm than the baseline, and the doubled grid gave a difference of about 3%, but
these percentage changes also changed with position in the combustor, likely due
to how aligned the flow was with the grid. (Interestingly, none of the grids shown
in Table 6.1 is as refined as the fine grid used here.) Given the much greater effect
that the choice of turbulence intensity has on the results, however, meant that the
additional effort and calculation time of refining all of the grids would not have been
worthwhile. Going to a second order discretization scheme for the equations rather
than the baseline first order scheme also affected the results to a similar magnitude,
but was positive or negative depending on position in the combustor. This would

also increase calculation time significantly, however.
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Figure 6.7: Effect of grid size and discretization method on predicted nar
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Figure 6.8 shows the effect of how any heat transfer was modelled inside the
combustor. First, rather than being adiabatic as for the baseline, the walls of the
combustor were assumed to be isothermal at the same temperature as the incoming
air at 600 K (a good assumption for most of the combustor which was inside the
plenum chamber). Allowing for this heat transfer from the flow lowered calculated
combustion efficiency by less than 5%. Adapting the mesh to model the heat transfer
through the boundary layer at the wall better had no significant additional effect.
Radiation was modelled using a wall emissivity of 0.5, the Weighted-Sum-of-Gray-
Gases Model for the gas emissivity, and the Discrete Transfer Radiation Model [46].
No significant effect of radiation on the results was found, as was earlier assumed

(see Subsection 2.4.10).
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Figure 6.8: Effect of radiation and isothermal walls on predicted nar

To check the effect of errors in fuel (gas generator exhaust) temperature, ethylene
mass flow rate and air mass flow rate were each varied by 10%. Figure 6.9 shows
that a 4% drop in combustion efficiency resulted from assuming a 10% drop in
temperature of the fuel jet, which increases its density and decreases its velocity.
Decreasing air mass flow rate also dropped combustion efficiency 5% at 458 mm,

but lowering ethylene mass flow rate by 10% increased efficiency by about 7%.
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However, none of the changes in the parameters studied had as much effect on nar
as varying the turbulence intensity from 1% to 20%. Properly characterizing the
inlet turbulence intensities is therefore a priority for improving the accuracy of this

CFD modelling.
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Figure 6.9: Effect of errors in air and fuel mass flow rates and fuel temperature on
predicted nar

While a parametric study for each configuration was not feasible, two additional
configurations, with much higher calculated combustion efficiency, were modelled
to see if turbulence intensity would also significantly affect the results. Configura-
tions DC2 and DC19, each with a calculated nat > 70%, were therefore modelled
using a turbulence intensity of 1%. These configurations have similar air/fuel mo-
mentum ratios and are geometrically identical except that configuration DC19 uses
a longer dome height of 100 mm. Since a longer dome height enlarges the recircu-
lation zone to improve the air/fuel mixing, a significant increase in efficiency was
expected and was indeed seen in the experimental results. However, no such increase
in efficiency is seen in the CFD results (Fig. 6.10). By redoing the CEFD modelling
for each configuration, but this time specifying inlet boundary conditions of 1% tur-
bulence intensity rather than 10%, a clear difference in combustion efficiency results
from an increase in dome height. This is because, at 10% turbulence intensity, the

length of the recirculation zone for the shorter dome height is already sufficient for
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good air/fuel mixing and increasing the dome height provides no additional benefit.
At 1% turbulence intensity, however, the benefit of increased dome height and a
stronger recirculation zone is obvious with a significant increase in efficiency for the
CFD results. This therefore implies that effect of turbulence intensity on the results

also varies with each configuration.
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Figure 6.10: Effect of turbulence intensity on predicted nar for configurations DC2
and DC19

6.4.2 Comparison of Combustor Configurations

As with the water tunnel experiments and non-reacting flow CFD modelling, vi-
sualization of results from reacting low modelling also helps explain why one direct-
connect configuration yields a higher combustion efficiency than another. The fuel
mixture fraction graphs shown here provide similar information about the mixing in
the combustor as the graphs shown in Chapter 4 except the influence of combustion
has been included. However, while good mixing is important for good combustor
performance, graphs of the temperature distribution in the combustor also provide
additional information that the fuel and oxidizer are mixed in the right proportions

to maximize the energy release.
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The first two graphs deal with 4 configurations with an air/fuel mass flow ratio
~ 7 and the same fuel injector (F0-27). Figure 6.11 shows the fuel mixture fraction
on the centreline plane which, as explained in Section 6.2 for a onestream adiabatic
PDF combustion model, determines the composition and temperature of the reacted
mixture. Configuration DC6 uses an air injector with smaller inlet tubes than
configuration DC1 which, for the same air/fuel mass flow ratio, gives a higher air/fuel
momentum ratio and the fuel jet can be seen to be deflected toward the bottom. The
consequences of this can be seen better in Fig. 6.12 which shows that the temperature
fields are much different. The temperatures are shown, in an isometric view, from the
head to the nozzle end of the combustor at 100 mm cross-sections. Near the end of
the combustor, configuration DC6 has high temperatures around the circumference
of the combustor, while the high temperature for configuration DC1 is in the bottom
half of the combustor. Configuration DC13, with 90° air inlet tubes, has a similar
fuel mixture fraction and temperature distribution to configuration DC1 with 60°
air inlet tubes. Configuration DC18, with a 100 mm dome height, has a longer fuel
jet than configuration DC1 but also a similar temperature distribution.

The next group includes 5 configurations that have an air/fuel mass flow ratio of
~ 15. With the higher air momentum, all of the fuel jets in Fig. 6.13 are deflected
toward the lower wall of the combustor. Only configuration DC14 with the 90°
tubes shows a large amount of fuel on the centreline plane downstream of the air
inlets. However, Fig. 6.14 shows that the other configurations have two strong
longitudinal vortices that do not permit high temperatures to exist on the centreline.
These 5 configurations also have larger regions of high temperature than do the first
four shown in Fig. 6.12 and, as will be shown later, also have higher combustion
efficiencies.

Figure 6.15 shows the fuel mixture fraction distribution for 5 configurations with
the same approximate air/fuel mass flow ratio of 4 to 5, and the same diameter
fuel injector (18 mm) so therefore the same approximate air/fuel momentum ratio.
However, the placement of the fuel injector hole changes. Configurations DC11
and DC28 are for a combustor static pressure of approximately 0.45 MPa, and
Fig. 6.16 shows that the lower placement results in higher temperatures toward the
end of the combustor. Configurations DC12, DC29, and DC30 are for a combustor
static pressure of approximately 0.9 MPa and, once again, the lower placement of

the fuel jet results in higher combustor temperatures.



137

1.0

0.9

0.8 DCI1, A4, F0-27, A/F mom =2.62, 57 mm dome

0.7

0.6
0.5 DC6, A2, F0-27, A/F mom = 3.9, 57 mm dome
0.4

0.3

DC13, A6, F0-27, A/F mom = 2.3, 57 mm dome
0.2

0.1

0.0

DC18, A4, F0-27, A/F mom = 2.13, 100 mm dome

Figure 6.11: Effect of geometry on predicted fuel mixture fraction, similar air/fuel
mass ratios (= 7), same fuel injector
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Figure 6.12: Effect of geometry on predicted temperature field, similar air/fuel mass
ratios (= 7), same fuel injector
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Figure 6.13: Effect of geometry on predicted fuel mixture fraction, similar air/fuel
mass ratios (= 15)
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Figure 6.14: Effect of geometry on predicted temperature distribution, similar
air/fuel mass ratios (~ 15)
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Figure 6.15: Effect of fuel injector placement on predicted fuel mixture fraction,
similar air/fuel momentum ratios (= 5)
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Figure 6.16: Effect of fuel injector placement on predicted temperature distribution,
similar air/fuel momentum ratios (= 5)
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Figure 6.17 shows the effect of changing the size of the fuel injector hole or in-
creasing the dome height of configuration DC3 for a relatively high air/fuel mass flow
ratio. For configuration DC12, the fuel jet is narrower but because it is nearer the
bottom wall of the combustor, its length is not increased. However, Fig. 6.18 shows
that the temperatures have increased toward the end of the combustor. Increasing
the dome height understandably lengthens the fuel jet, and also has increased the
combustor temperatures in the aft part of the combustor.

The effect of changing the air injector geometry at an air/fuel mass flow ratio of
~ T) is shown in Fig. 6.19. Configuration DC9, with the smaller air inlet tubes and
the higher air momentum, has a fuel jet that is deflected more toward the bottom
of the combustor. The fuel jet for configuration DC16 is about the same length,
and configuration DC21 with an increased dome height has a somewhat longer fuel
jet. While the differences in the shape of the fuel jet are not large, however, the
temperature distributions shown in Fig. 6.20 do vary greatly.

The last two graphs show the effect of changing the air/fuel momentum ratio
for two different geometries. Configuration DC8 has a higher air/fuel momentum
ratio than configuration DC9, so its fuel jet is much shorter as shown in Fig. 6.21.
The temperature fields presented in Fig. 6.22 differ significantly; for the higher
air/fuel momentum ratio, the longitudinal vortices dominate the distribution in the
combustor and the high temperatures are concentrated away from the combustor
walls. For configuration DC9 the higher temperatures stay out near the combustor
walls, unlike for configuration DC8. Configuration DC16 has a longer fuel jet than
configuration DC15 since its air/fuel momentum ratio is lower, and it has a wider
distribution of high temperatures toward the end of the combustor.

These results have shown that for combustion problems, considering only the
fuel distribution on the centreline plane can be misleading, and that the three-
dimensional temperature field should be examined to decide which configurations
may yield superior performance. Since so many parameters can change between
configurations despite changing only one feature, general conclusions as to what
should be changed to optimize a configuration are difficult to make. The wide
range of fuel distributions and temperature fields seen in these results have revealed
that each configuration should be modelled to estimate its performance, rather than

simply extrapolating from other results.
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Figure 6.17: Effect of fuel injector and dome height on predicted fuel mixture frac-
tion, similar air/fuel mass ratios (13-14)
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Figure 6.18: Effect of fuel injector and dome height on predicted temperature dis-
tribution, similar air/fuel mass ratios (13-14)
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Figure 6.19: Effect of different air injectors on predicted fuel mixture fraction, similar
air/fuel mass ratios (= 7)
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Figure 6.20: Effect of different air injectors on predicted temperature distribution,
similar air/fuel mass ratios (= 7)
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Figure 6.21: Effect of momentum ratio on predicted fuel mixture fraction, two pairs
of geometries
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Figure 6.22: Effect of momentum ratio on predicted temperature distribution, two
pairs of geometries
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6.5 Twostream PDF Model

As previously mentioned, one of the main limitations of the onestream PDF
model is that all of the species in the fuel stream are assumed to react instanta-
neously with the oxidizer stream and come to thermochemical equilibrium as long
as the mixture is below the rich limit specified in prePDF for the look-up table.
Table 6.3, however, indicates a large proportion of solid carbon in the fuel, and
Fig. 6.23 shows a wide range of particle sizes, at least some of which are too large to
react quickly in the presence of an oxidizer (calculations will substantiate this later).
Brilliant orange-yellow exhaust plumes, a likely indication of soot particles in the
exhaust and incomplete combustion, were also observed for some of the configura-
tions during the direct-connect experiments. An obvious way to try to improve the
predictions, and one that has not yet been tried according to the references listed
in Table 6.1, is therefore to treat the solid particles in the gas generator exhaust
separately from the gases present.

To do this, two separate fuel streams must be modelled, one for the gases already
present in the gas generator exhaust, and the other for carbon monoxide which is
gradually released from carbon particles after they are injected into the combustor.
Fortunately, FLUENT has implemented this two mixture fraction or “twostream”
modelling approach where there is a primary fuel stream, a primary oxidizer stream,
and a secondary stream that can be either fuel or oxidizer [46]. A mixture fraction

can be attributed to each one of these streams, and they must add up to unity:

ffucl+fsoc+foxz 1 (611)

The fuel mixture fraction, fr.e, varies between 0 and 1 as for the onestream PDF

model, but the secondary mixture fraction obeys:

fsoc = Psec (1 - ffucl) (612)

The importance of this equation is the addition of the partial fraction pg. which
can vary between 0 and 1 regardless of the value of fr., while fi.. cannot. To solve
the mixture fraction transport equations, Eqns. 6.2 and 6.3 are used for the mean
primary fuel mixture fraction and its variance, as for the onestream PDF model.
For the secondary stream, Eqn. 6.2 is used to calculate fi, and peec is found from
Eqn. 6.12. Because the mass flow rate of the secondary stream is much smaller than

the total mass flow rate, Eqn. 6.3 can be used to calculate the variance of the partial
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fraction rather than the variance of the secondary mixture fraction since they are
not very sensitive to fre1 [46]. In Eqn. 6.3, ps. must replace f.

For the onestream model, instantaneous values of scalars such as the concentra-
tion of each species, the temperature, and the density at any point in the combustor
were functions only of the mixture fraction. However, the addition of a secondary
stream, as well as a particle model where the solid phase gradually decomposes in
the presence of an oxidizer in the surrounding gases, mean that these instantaneous

scalars must be functions of the partial fraction and total enthalpy as well:

¢i = ¢z (ffuelapseca H) (613)

The addition of an energy equation is therefore required:

a, . 0 0 (koH du;
a (pH) + 8% (pulH) = a:L'Z (c_p@—x) +lea T + Sh (614)

where S;, accounts for any sources of heat transfer which, neglecting heat transfer
to the walls and radiation, includes any heat transfer between the gases and the
particles.

To calculate the time-averaged species mole fractions and temperature for a

non-adiabatic PDF model with a secondary stream, the following equation is used:

1 1
= /0 /0 sz (ffuela Psec H) pl(ffuel)pQ <psec)dffueldpsec (615)

where p; and ps are both beta-PDF’s. The time-averaged density would be:

b1 ffuel D2 psec>
ftncidPsec 6.16
/ / (fruels Poces H) fruc1dp (6.16)

For the non-adiabatic PDF model, the FLUENT preprocessor prePDF was used

to generate three-dimensional look-up tables for the relevant scalars using 21 dis-

crete points for the mean mixture fraction fre, 21 discrete points for the mean
partial fraction pg.., and 31 discrete points for the enthalpy. The centre point of the
distribution for fi.e was set at 0.4, on the rich side of the stoichiometric value of the
mixture fraction (fruelstoicn =~ 0.2) for a composition equivalent to a solid fuel formu-
lation with 90% GAP and 10% carbon. The centre point for f... was set at 0.2, on
the rich side of its stoichiometric value ( fsecstoien &~ 0.1) and equal to the minimum
value recommended [46]. Furthermore, the rich limit was usually set to fre = 0.5

or less if prePDF could not calculate the equilibrium composition at fre = 0.5. The
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secondary rich flammability limit was set at fi.. = 1.0. As for the onestream model,
these centre points and flammability limits were set richer than that recommended
[46] because the fuel was already partially oxidized and at a temperature on the
order of 1000 K. Rich flame stoichiometry was calculated automatically by prePDF
rather than being specified.

6.6 Two-phase Flow Model

For the onestream combustion modelling results, the boundary conditions for
each experiment were used to generate single fuel stream PDF files. This means that
all of the fuel, including both the gaseous and solid phases, was injected into the
combustor as a single homogeneous stream. The solid carbon was therefore assumed
to react instantaneously, as were the gases, once there was any oxidizer present.
However, as will be presented shortly, the carbon in the gas generator exhaust
for the direct-connect experiments consists of particles that are of large enough
size that they cannot be expected to react instantaneously. This can explain the
overestimation of some of the combustion efficiencies to be shown later in Section 6.8.
Therefore, by using a two fuel stream PDF, with separate gaseous and solid phase
streams, along with a model to describe the flow path and decomposition of the
solid carbon, improvement to the estimates of the calculated combustion efficiencies
may be possible.

The first step to developing a particle model was to collect and measure some
particles during an actual direct-connect combustion experiment. A vacuum bottle
was connected to the fuel plenum by a tube, and particles were collected in an in-
line filter. The material trapped in this filter was then dispersed in some ethanol
using an ultrasonic bath. The particle size distribution from a Malvern Mastersizer
2000, which assumes the particles are spherical, is shown in Fig. 6.23. A wide range
of particles was detected, from below 0.1 pym to above 200 ym. For comparison,
the results from a sample of effluent from a GAP/Carbon gas generator are also
displayed and show that the ethylene/air fuel can also simulate the particle size
distribution of the solid fuel exhaust as well.

Soot from typical hydrocarbon/air combustion consists of minute carbon spheres
usually less than 60 nm in diameter, which are grouped together as much larger
agglomerates that can be as large as several micrometres [82]. However, the eth-

ylene/air mixture used during a direct-connect test cannot be classified as typical
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Figure 6.23: Particle sizes of ethylene/air and GAP/Carbon fuels

combustion since it is extremely rich. Nonetheless, a scanning electron microscope
(SEM) image (Fig. 6.24) of the solid material collected from the fuel plenum during
a direct-connect experiment shows that the majority of the particles present are
composed of spheres are about 75 nm in diameter, which is close to that usually
reported for soot from typical hydrocarbon/air combustion.

While the trajectories of the particles are closely related to their mass and overall
dimensions, their decomposition is a function of their total surface area exposed to
the oxidizer. This total surface area is related more to the diameter of the minute
spheres that make up the soot particle rather than the overall size of the particle.
With the same configuration as for the parametric study (Table 6.4), twostream
PDF modelling (with the particle model described below) was carried out for a wide
range of particle sizes. The results for the trajectories of these various particle sizes
and how much they decompose are shown in Figs. 6.25 and 6.26. To generate these
graphs, about 30 particles were injected from the fuel inlet hole. From the side view
shown in Fig. 6.25, the trajectories of particles having diameters from 1 nm to 1 pm
appear to fill the bottom half of the combustor and abruptly change direction when
deflected by the incoming air jets. The 10 and 100 um particles, however, do not
seem to follow the flow as faithfully and take much straighter trajectories toward the

end of the combustor. The isometric view in Fig. 6.26 also shows that the ensembles



154

Figure 6.24: SEM picture of particles in the ethylene/air fuel

of trajectories for particles smaller than 10 pym are similar. The particle trajectories
are coloured by particle density which changes as the particles decompose, and it
can be seen that the smaller the particle is, the faster it decomposes. In fact,
for the 1 nm particles, about half decompose completely before reaching the end
of the combustor. About 10-20% of the 10 nm particles and less than 5% of the
75 nm particles decompose completely before the end of the combustor. For particle
diameters of 1 um and above, all of the particles leave the combustor before they
decompose completely.

The results from Figs. 6.25 and 6.26 therefore imply that the particles from
1 nm to over 1 um in diameter could be modelled as 75 nm spheres and still be
assumed to follow similar paths through the combustor. This assumption may
even be valid for larger particles as well. Figure 6.23 shows the existence of many
particles with overall diameters of 10 pum and larger, but Fig. 6.24 shows that they
were made up of agglomerates of much smaller spheres. Their aerodynamic drag
would therefore be much higher than spheres of equivalent overall diameter, so then

particles of even several micrometres in diameter could be expected to follow the
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Figure 6.25: Predicted particle trajectories versus diameter, side view, coloured by
particle density
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flow as well as the 1 um diameter and smaller particles. Furthermore, because they
are agglomerates, they likely break up as well. For these reasons, the particles in
the flow were assumed to behave as 75 nm diameter solid carbon spheres, for both
the trajectory and decomposition models.

To calculate the trajectories of the particles, FLUENT integrates a force balance
on each particle. The equation in the z-direction, using a Lagrangian reference
frame, is [46]:

duy,

o prtw— ) PGS

. A7
7 o + f (6.17)

where p is the density of the surrounding gas, p, and u, are the density and velocity
of the particle, g, and f, account for the gravitational and other forces in the z-

direction, and:

18 CpRe
Fp = 6.18
b ppd3 24 (6.18)
where d, is the diameter of the particle. Here, Re is the relative Reynolds number:
Re = pdp|up — ul (6.19)
L

and the drag coefficient C is for smooth spherical particles over a wide range of Re
[83].

To account for the turbulent dispersion of the particles, FLUENT uses a Discrete
Random Walk model. The instantaneous gas phase flow velocity u in Eqn. 6.17, as

already seen in Eqn. 4.5, is:
u=1u+u (6.20)

Each particle is assumed to interact with a succession of turbulent eddies, each

characterized with a turbulent velocity fluctuations (isotropy assumed):

u':v’:w'zg\/ﬁzfxﬂk/iﬂ (6.21)

and a time scale:
T, = 217, (6.22)

where ( is a normally-distributed random number. For the RNG turbulence model,
11, is approximated by:

k
Ty, ~ 0.15~ (6.23)
g
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Once one eddy lifetime has been reached, new values for the turbulent fluctuations
are calculated with a newly-generated random number.

As the particle travels through the combustor, it is heated or cooled depending
on its temperature and that of the surrounding gas. In the absence of radiation, the
equation used for the particle heat balance is:
=

where T}, and T, are the temperatures of the particle and the surrounding gas, A,

= hAy (T — T}) (6.24)

mp

is the surface area of the particle (based on the overall diameter), m,, is the mass of
the particle, and ¢, = 1220 J/(kg-K) for the solid carbon particles. The convective

heat transfer coefficient h is estimated from the Nusselt number Nu:

hd
Nu = k—p = 2.0 + 0.6Re'/2Pr!/3 (6.25)

where ko, and Pr refer to values of the gas phase, and Re is calculated from
Eqn. 6.19.

A kinetics/diffusion model in FLUENT [46], with some of the constants modified,
was used to describe the decomposition of the carbon particles. The change in mass

of the particles is described by:

RTTTLOX R1R2
My Ry + Ry

dm,,

dt

p
= —rd? (6.26)

where T is the temperature of the surrounding gas, R is the Universal Gas Con-
stant, me, and M, are the mass fraction and the molar mass of the oxidant in the
surrounding gas near the particles, and R; and R, are the diffusion controlled and
the surface kinetics controlled rates respectively. The diffusion-controlled decompo-
sition rate is derived from an expression for pulverized coal particles (over a wide
range of temperatures) where the particles give off carbon monoxide rather than
carbon dioxide [84]:

(Tp + Too) /277

R1:C’1 d
p

(6.27)

where C} = 4.993 868 - 1072 kg/(m-s-Pa-K® ™). The kinetics of the surface reaction
come from an approximation [85] to the widely-accepted Nagel-Strickland-Constable

formula for soot oxidation [86] :

Ry = Coexp (—E,/RT}) (6.28)
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1.11531 - 1073 kg/(m?s-Pa) and E, = 1.42537 - 108 J/kmol is the

activation energy of the surface reaction. Figure 6.27 shows that this approxima-

where Cy =

tion is valid at a wide range of oxygen partial pressures at temperatures below
approximately 2000 K, conditions that are generally present in the ramjet combus-
tor configurations considered here. This approximation is very important since the
decomposition of the soot particles is controlled by the surface reaction rate Ra,
rather than the diffusion rate R;, as they become very small. For particles of 75 nm

diameter, the decomposition is controlled essentially by the surface reaction rate.
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Figure 6.27: Soot oxidation rate versus temperature and oxygen partial pressure,
Nagel-Strickland-Constable formula [86] and approximation [85]

When the oxidation of the particles is included, the heat balance equation has

an additional term:

dT,

mpcp% = hAp(Too — Tp) — fh_ (629)

where f, = 1.0 for particles giving off carbon monoxide. It is the fraction of the
heat of the surface reaction H,... absorbed by the particle.
Rather than each particle decreasing in diameter as its mass decreases, the

diameter remains the same while the density decreases from its initial value of
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2200 kg/m3. The particle therefore becomes more porous as it decomposes. The
continuous phase flowfield and dispersed phase calculations were coupled, meaning
that not only did the flowfield affect each particle’s trajectory and decomposition,
but the particle could affect the flowfield. Mass, momentum, and heat are therefore
exchanged between the solid and gas phases as each particle passes through each of
the control volumes. Approximately 500 particles had to be injected (spread over
the area of the fuel inlet) every ten flowfield iterations to attain a “quasi-steady”
state and convergence after several hundred iterations. To find the best number
of particles to inject and after how many flowfield iterations to reach convergence
without excessive calculation time was a lengthy process of trial and error. After
optimizing these calculation parameters, the length of time for a twostream PDF
model solution was about an order of magnitude longer than that for a onestream
PDF model solution.

6.7 Twostream PDF Results

The next several graphs show the temperature distribution on the centre-
line plane for each direct-connect configuration modelled with the onestream and
twostream PDEF’s. As will be shown in Section 6.8, the tendency of the onestream
PDF model is to overpredict the combustion efficiency. The purpose of the twostream
PDF model was to more accurately model the distribution and decomposition of the
solid carbon in the gas generator exhaust and hopefully reduce the overprediction of
the temperatures. However, as the following graphs will show, the carbon particles,
because of their mass, can convect fuel to areas that would otherwise be much leaner.
In configuration DC1, the twostream model shows less release of energy right near
the head end of the combustor, but further downstream there are higher tempera-
tures on the centreline plane than for the onestream model. For configuration DC2,
DC12, and DC28, the temperature distribution around the fuel jet is about the same
for the two PDF models. However, there is a higher temperature region near the
upper wall at the end of the combustor for the onestream model. A similar region is
seen at the aft end of the combustor for configuration DC3 for the onestream model,
but the twostream model has greater heat release on the lower centreline plane. The
results for the twostream model for configurations DC6 and DC9 show some higher
temperatures at the head end, but the heat release on the centreline plane for the

rest of the combustor is similar to the onestream model.
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The graphs for configurations DC11, DC13, DC14, DC16, DC21, and DC29 are
similar at the head end of the combustor, but the twostream model has a higher
temperature region near the lower wall on the centreline plane than does the one-
stream model. Configuration DC15 has a higher heat release for the twostream
model all the way along the combustor below the fuel jet. Configuration DC18 has
its heat release distributed more evenly right above and below the fuel jet for the
twostream model, and also has higher temperatures near the lower combustor wall.
The onestream model gives higher temperatures adjacent to the fuel jet for con-
figuration DC20 than does the twostream model, but downstream the temperature
distributions are the same for the two models. Configurations DC7, DC8, DC19,
and DC30 show only very subtle differences in the temperature distributions for the
two models.

Therefore, at least on the centreline plane, the use of the twostream model
can indeed change the distribution of temperature, depending on the configuration.
Unfortunately, no general conclusion can be made from these graphs that the use
of the twostream PDF model lowers the overall temperatures on the combustor and
reduces the overprediction of combustion efficiency characteristic of the onestream
model. To make that conclusion will require the combustion efficiencies, calculated
from the mass-averaged temperatures at the 458 mm cross-section, which will be

presented in the next section.
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Figure 6.28: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC1
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Figure 6.29: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC2



163

2500K

2300K -
2100K
1900K
1700K

Onestream PDF
1500K

1300 [
1100K
900K - e —

700K
Twostream PDF
500K

Figure 6.30: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC3
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Figure 6.31: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC6
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Figure 6.32: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC7
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Figure 6.33: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC8
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Figure 6.34: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC9
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Figure 6.35: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC11
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Figure 6.36: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC12
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Figure 6.37: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC13
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Figure 6.38: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC14
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Figure 6.39: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC15
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Figure 6.40: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC16

Figure 6.41: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC18
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Figure 6.42: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC19
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Figure 6.43: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC20
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Figure 6.44: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC21
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Figure 6.45: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC28
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Figure 6.46: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC29
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Figure 6.47: Predicted temperature distribution on centreline plane for onestream
and twostream PDF models, configuration DC30
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6.8 Comparison of the CFD and Direct-connect
Results

Using the methods already described in Sections 5.3 and 6.4, the combustion
efficiencies based on temperature rise in the combustor for the direct-connect exper-
iments and the CFD results are presented in Fig. 6.48 for each of the direct-connect
configurations. Results for both the onestream and twostream PDF models, calcu-
lated from the mass-averaged temperature at the 458 mm cross-section, are given.
As shown, while some results with the onestream PDF were close to the experimental
results, on the average their calculated combustion efficiencies were overestimated.
Predictions are significantly improved, however, with twostream PDF model, for
most of the configurations. Another important observation is that exactly half of
the twostream results are higher than the experimental, values and half are lower.
This is of interest because, as previously shown in the parametric study in Sec-
tion 6.4, the turbulence intensity can have a significant effect on the combustion
efficiency. If a poor value was chosen for this boundary condition, the results would
be consistently higher or lower than the experimental efficiencies; this does not
appear to be the case in this instance.

While there still seem to be some large differences for some of the twostream
PDF predictions and the experimental results, the average difference between the
CFD predictions and experimental results is almost the same as the average ex-
perimental uncertainty. Table 6.5 presents the numerical values of the combustion
efficiencies presented in Fig. 6.48, along with the percent differences between the
predictions and the experimental efficiencies for both the onestream and twostream
models, and the experimental uncertainties for each configuration calculated as de-
scribed in Section 5.4. The average difference between the onestream PDF and the
experimental results is 26.8% (where the percent difference is defined by Eqn. 6.10).
However, for the twostream PDF results, with separate streams for the gaseous and
solid phases of the gas generator exhaust, this difference is significantly lower at
15.6%. This is almost the same as the average experimental uncertainty at 13.1%.

The average differences between the onestream and twostream predictions and
the experimental results give an indication of the validity of the modelling, but a
much more statistically-rigorous analysis was developed specifically for this work
[87] to better support the conclusions. It will be summarized here. If this work

had dealt with a single combustor configuration, the validity of the modelling could



Table 6.5: Combustion efficiencies for direct-connect experiments and CFD modelling

Direct | Air | Fuel | Dome Air/fuel | Experimental | Experimental | Onestream | Onestream | Twostream | Twostream
Connect | Inj Inj Height | Momentum Efficiency Uncertainty PDF PDF PDF PDF
Config [mm)] Ratio Efficiency | Difference | Efficiency | Difference
DC1 A4 | FO0-27 57 3.19 0.61 11% 0.37 40% 0.36 42%
DC2 A4 | FO0-27 57 11.73 0.48 16% 0.75 56% 0.51 ™%
DC3 A4 | FO0-27 57 8.89 0.40 15.7% 0.59 46% 0.40 0.4%
DC6 A2 | F0-27 57 3.90 0.37 10% 0.51 37% 0.40 8%
DC7 A2 | F0-27 57 19.43 0.64 14% 0.87 36% 0.55 13%
DC8 A2 | F0-27 57 17.94 0.70 13% 0.89 28% 0.79 13%
DC9 A2 | F0-27 57 3.52 0.44 10% 0.47 6% 0.39 13%
DC11 | A4 | FO-18 57 4.87 0.64 13% 0.54 16% 0.47 26%
DC12 | A4 | F1-18 57 4.07 0.50 14% 0.76 52% 0.61 23%
DC13 | A6 | F0-27 57 2.30 0.41 9% 0.44 8% 0.44 8%
DC14 | A6 | F0-27 57 10.80 0.57 14% 0.57 0.3% 0.45 21%
DC15 | A6 | F0-27 57 5.20 0.27 16% 0.36 36% 0.34 26%
DC16 | A6 | F0-27 57 2.37 0.43 12% 0.49 14% 0.48 10%
DC18 | A4 | F0-27 100 2.13 0.28 11% 0.33 16% 0.32 14%
DC19 | A4 | F0-27 100 10.93 0.61 14% 0.73 20% 0.51 15%
DC20 | A4 | F0-27 100 8.31 0.40 15% 0.57 44% 0.43 ™%
DC21 | A4 | F0-27 100 2.76 0.49 12% 0.35 28% 0.35 29%
DC28 | A4 | F1-18 57 4.84 0.69 13% 0.84 21% 0.56 20%
DC29 | A4 | FO-18 57 4.42 0.59 14% 0.57 4% 0.52 12%
DC30 | A4 | F1-18S 57 4.29 0.56 14% 0.73 30% 0.60 6%

€LT
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Figure 6.48: Results for the calculated efficiencies from the experiments and CFD
modelling

have been assessed by simply performing several experiments, estimating a mean
and standard deviation for the combustion efficiency, and comparing this to both
the onestream and twostream predictions. While a wide range of geometries and
test conditions was tested in the direct-connect facility, this also meant that since
the number of tests was limited, only one test could usually be carried out for each
configuration. On a case-by-case basis, judging the validity of a prediction is difficult
for any single configuration, and the conclusion can vary greatly with each case, with
some underpredicted and others overpredicted to different degrees. However, if all
of the configurations can be taken together and compared, a better assessment of
the validity of the modelling can be done.

To do this, a non-parametric analysis was developed to examine the residual
errors. The residual error for each configuration is defined as the difference be-
tween the experimental observation and the prediction. The analysis is termed
“non-parametric” because the details of the model, in this case the CFD prediction
methodology, are not specified. This is in contrast to multiple regression techniques

[88] in which a theoretical model, often a linear or higher order equation involving
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the dependent variables, is proposed and regression procedures used to calibrate
it and determine its goodness-of-fit to the experimental data. From the extensive
developments that have taken place for multiple regression, several techniques have
been modified specifically for this non-parametric analysis of the residual errors for
the values of combustion efficiency between the predictions and experiments.

Three procedures were carried out on the residuals, the first being to construct
a linearized normal probability graph to determine whether or not they follow a
normal distribution with a mean of zero and a constant variance. The purpose of
this is to verify that the residuals are influenced solely by random effects. If this
is true, the points should lie approximately on a straight line on the graph, and be
randomly scattered about this line with the same proportion of points above and
below the zero residual value (i.e. equally distributed). If the residuals follow a non-
random pattern, this may indicate that the variance is a function of the experimental
value, or that the modelling is inadequate.

The linearized normal probability graph can also be used to identify outliers.
The second procedure carried out on the residuals, which transforms the residuals
into standardized and studentized residuals, provides a formal statistical procedure,
based on the statistics of extreme observations, for the identification of potential
outliers. Figure 6.49 plots the normal standard deviate versus the residual for each
configuration. Both the onestream and twostream results can be approximated by
straight lines, but the onestream residuals do not meet the requirements of zero
mean (not passing through intersection of the horizontal and vertical zero lines)
and constant variance (values of the residuals mostly negative and therefore not
randomly distributed). Because these requirements were not met, the second proce-
dure was unable to identify any outliers. However, an obvious outlier was identified
for the twostream residuals (configuration DC1), as well as a possible one (config-
uration DC11). With these two outliers removed, the linear fit of the twostream
residuals passes almost right through the intersection of the zero lines, and the resid-
uals are almost equally distributed about this intersection. The twostream residuals
therefore appear to meet the requirements of zero mean and constant variance.

The third and final procedure carried out on the residuals quantifies the validity

of the two modelling methodologies. The proposed coefficient of model adequacy
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Figure 6.49: Normal probability graph of the residuals
My is defined by:
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where y is the experimental value and 3 is the prediction. If M = 1, the correlation
between the predictions and the experiment results is perfect, while if M = 0, the
magnitude of the residual errors equals the magnitude of the experimental results.
For the onestream PDF model, My = 0.91 which is interpreted to mean that the
model explains 91% of the variability in predicting the experimental values. For
the twostream PDF model, however, M, improves to 0.98. This is interpreted to
mean that the twostream model can explain 98% of the variability in predicting
the experimental results. Based on this, for the configurations described herein, the
twostream PDF model can predict, within a good degree of accuracy, the perfor-

mance of a ducted rocket combustor.



177

6.9 Summary of the Reacting Flow Results

A literature survey of ramjet combustor modelling to date revealed that there
were no studies that took into account the the motion of solid particles and their
decomposition. Any comparison between CFD modelling and experimental results
was for the non-reacting flow only, except in a couple of instances where some
reacting flow data were available. Unfortunately, none of the reacting flow studies
described exactly how combustion efficiency was determined from the CFD results,
and usually not even the type of combustion efficiency was noted for either the
experimental or CFD results.

An equilibrium-chemistry Probability Density Function model was chosen to
model the reacting flow in the ducted rocket combustor. It is well-suited for turbu-
lent diffusion flames where the combustion is controlled by turbulent mixing rather
than the kinetics of the chemical reactions, and the fuel and air inlet streams are
separate. One of the main advantages of the PDF model over other combustion
models is that regardless of how many species are included, in this case thirteen,
for a problem with a single air and a single fuel stream (onestream PDF) only two
additional transport equations have to be solved. Below a rich limit, the air/fuel
mixture is assumed to be at equilibrium at any point within the combustor, and the
turbulence/chemistry interaction is also taken into account.

A parametric study was carried out to determine the consequences of any er-
rors in the estimates of the boundary conditions or how the combustor was mod-
elled. No significant effects were seen when heat transfer from the walls, radiation,
temperature-dependent transport properties, or a doubled turbulence length scale
were included in the CFD model. Refining the grid, using the RSM turbulence
model, using second order discretization, or applying a 10% variation in fuel (gas
generator exhaust) temperature, ethylene mass flow rate, or air mass flow rate all
had effects of less than 7%. Using the k-¢ turbulence model changed the combustion
efficiency at 458 mm by 17%, but this turbulence model does not perform well in
this type of flow. However, none of the changes in the parameters studied had as
much influence as the 25% change in nat from varying the turbulence intensity from
1% to 20%. Further calculations on two other configurations, though, revealed that
the effect of changing turbulence intensity could vary with each configuration.

Next, the onestream PDF model was used to model the direct-connect combus-

tors using boundary conditions calculated with data from the actual experiments.
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The results have shown that for combustion problems, considering only the fuel dis-
tribution on the centreline plane can be misleading, and that the three-dimensional
temperature field should also be examined to decide which configurations may yield
superior performance. Since so many parameters can change between configura-
tions despite changing only one feature, general conclusions as to what should be
changed to optimize a configuration are difficult to make. The wide range of fuel
distributions and temperature fields seen in these results has revealed that each
configuration should be modelled to estimate its performance, rather than simply
extrapolating from other results.

When compared to the direct-connect experiments, the onestream PDF model
tended to overestimate the combustion efficiency. A likely cause of this was that
all of the gas generator exhaust, including both the gaseous and solid phases, was
injected into the combustor as a single homogeneous stream and assumed to react
instantaneously once there was any oxidizer present. To improve the predictions, a
twostream PDF model, with separate gaseous and solid phase streams, was used.
Based on experiments carried out to characterize the gas generator exhaust, the solid
stream was assumed to consist of 75 nm diameter carbon spheres which gradually
decomposed into carbon monoxide, controlled mainly by surface oxidation, as they
flowed through the combustor. Graphs of the temperature distribution on the cen-
treline plane were compared with the onestream PDF results and they showed that
the carbon particles, because of their mass, could convect fuel to areas that would
otherwise be much leaner and, depending on the configuration, noticeably change
the temperature field. Predictions with the twostream PDF model improved signif-
icantly to an average difference of 16% with the experimental results, or about the
same as the experimental uncertainty. For the onestream PDF model, this difference
was 27%. A rigorous non-parametric statistical analysis was also carried out and a
proposed measure of model adequacy showed that the twostream PDF model can
explain 98% of the variability in predicting the experimental results. Therefore, for
the configurations described herein, the twostream PDF model can predict, within

a good degree of accuracy, the performance of a ducted rocket combustor.



Chapter 7

CONCLUSIONS AND
RECOMMENDATIONS

7.1 Conclusions

Limited resources meant that only one type of gas generator fuel and one size
of combustor (100 mm diameter) were used to generate experimental data from
the direct-connect tests. As such, some aspects of the CFD-based performance
prediction method, particularly the model for decomposition of solid carbon par-
ticles, are not generally applicable to all ducted rocket combustors. However, the
methodology used toward the development of this model is certainly relevant to the
development of prediction methods for ducted rocket combustors in general, and
also demonstrates how the applicability of the experimental results and predictions

can be extended.

7.1.1 Similarity and the Dimensionless Parameters

Five of the ten dimensionless parameters important for reacting flow in com-
bustors were identified as relevant to ducted rockets with unchoked, subsonic fuel
jets. Along with dimensionally-accurate models of combustor geometry, the air/fuel
momentum ratio and the inlet turbulence parameters, these five dimensionless pa-
rameters must be applied to ensure that geometric, dynamic, thermal, and composi-
tional similarity will be respected as closely as possible. They are Damkohler’s first
dimensionless ratio, Damkohler’s third dimensionless ratio, the Reynolds number,
the Prandtl number, and the ratio of specific heats. The Mach number and the ratio
of kinetic energy to internal energy must be added in the case of a choked fuel jet

with supersonic flow.
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7.1.2 Water Tunnel Results

The water tunnel proved to be an excellent tool to qualitatively visualize the
flow in a model ducted rocket combustor. Two basic flow features were frequently
observed, one being a pair of longitudinal vortices that corkscrew from the air inlet
section toward the nozzle, and the other being a recirculation zone in the dome
region. The water tunnel also revealed that all configurations demonstrated time-
dependent flow, and in particular large-scale fluctuations resulting from an interac-
tion of the air and fuel jets. No evidence of Reynolds number dependency was seen

for the fuel distribution in the water tunnel experiments.

7.1.3 Non-reacting Flow Results

Non-reacting flow CFD modelling, using the FLUENT code with the RNG
turbulence model, was carried out on the same configurations as tested in the water
tunnel. Areas of high fuel concentration from the water tunnel images corresponded
well with those in the CFD plots. With the time-dependency of the water tunnel
flowfields taken into account, there was no evidence to discount the accuracy of the
CFD modelling.

CFD predictions were also carried out for the same geometry and air/fuel mo-
mentum ratio but with boundary conditions for gas generator exhaust and vitiated
air rather than water. Only very minor differences in fuel distribution and nor-
malized velocity profiles resulted between the predictions for the water tunnel and
actual air/fuel flowfields. The air/fuel momentum ratio is therefore the correct pa-
rameter to specify the relative amounts of the inlet flows, and the flowfields seen
at the lower Reynolds numbers in the water tunnel should be representative of the

flowfields in an actual combustor, in the absence of combustion.

7.1.4 Direct-connect Experiments

The modifications to existing ducted rocket hardware at the TNO-PML direct-
connect combustion test facility allowed the characterization of the boundary condi-
tions, of critical importance to the CFD modelling, to be done with more confidence.
The combustion efficiency based on temperature rise in the combustor was the best
output parameter to compare with the CFD results since it takes into account the
performance of only the combustor. A comprehensive assessment estimated the

average experimental uncertainty of the combustion efficiency to be 13%.
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The existence of time-dependent processes in the experimental direct-connect
combustors were confirmed with the measurement of significant pressure oscillations.
There is a strong possibility that they are coupled to the combustion processes taking
place. These pressure oscillations may influence combustor performance and must

be kept in mind for the reacting low CFD modelling predictions.

7.1.5 Reacting Flow Results

An equilibrium-chemistry Probability Density Function approach was used to
model the reacting flow in the ducted rocket combustor since it could properly
account for many of the important phenomena, including the turbulence/chemistry
interaction and a large number of chemical species, while being computationally
efficient. T'wo variations of the PDF model were used, the first termed “onestream”
for which the fuel was treated as a single stream, and the second termed “twostream”
for which the fuel was divided into separate gaseous and solid streams.

With the onestream model, a parametric study revealed that changing the value
of the turbulence intensity to 1% or 20% from 10% had a profound effect on the
predicted combustion efficiency. Lesser effects occurred with the choice of the k-¢
or RSM turbulence models, refining the grid, using second order discretization, or
applying 10% variations in the fuel temperature, ethylene mass flow rate, or air mass
flow rate. No significant effects were seen when heat transfer from the walls, radi-
ation, temperature-dependent transport properties, or a doubled turbulence length
scale were included in the CFD model. Further calculations on two other configu-
rations, though, revealed that the effect of changing turbulence intensity could vary
with each configuration.

The onestream PDF model was also used to model the direct-connect combustors
using boundary conditions calculated with data from the actual experiments. The
output revealed that considering only the fuel distribution on the centreline plane
can be a misleading indication of combustor performance, and that graphs of three-
dimensional temperature fields should also be examined. General conclusions as to
what should be changed to optimize a configuration are difficult to make because
changing one input parameter often alters several others. The wide range of fuel
distributions and temperature fields seen in these results has therefore revealed that
each configuration should be modelled to estimate its performance, rather than

simply extrapolating from other results.
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When compared to the direct-connect experiments, the onestream PDF model
tended to overestimate the combustion efficiency, with an average difference of 27%.
To improve the predictions, a twostream PDF model, with separate gaseous and solid
phase streams, was used. Based on characterization of the gas generator exhaust,
the solid stream was injected as 75 nm diameter carbon spheres that decomposed
into carbon monoxide due to surface oxidation. Because of their mass, these par-
ticles could convect fuel to areas in the combustor that would otherwise be much
leaner. The twostream PDF model improved the predictions significantly, with an
average difference of 16% with the experimental results, or nearly the same as the
experimental uncertainty. A rigorous non-parametric statistical analysis was also
carried out and a proposed measure of model adequacy showed that the twostream
PDF model can explain 98% of the variability in predicting the experimental results.

Based on this, for the configurations described herein, the twostream PDF model
can predict, within a good degree of accuracy, the performance of a ducted rocket

combustor.

7.2 Summary of Contributions

Through a careful examination of the governing equations and experimental
measurements, a method based on CFD was developed to predict the performance
of a ducted rocket combustor. Along with a twostream PDF approach, it uses
a two-phase flow and carbon decomposition model that properly accounts for all
the components in the gas generator exhaust, including the solid particles, on the
combustion. Most importantly, this method has also been validated over a wide
range of geometries and test conditions. In particular, the significant contributions

that improve the current understanding of combustion in a ducted rocket are:

e Application and validation of a twostream PDF combustion model, a two-
phase flow model, and a particle decomposition model for a solid fuel ducted

rocket combustor.

e Identification of the dimensionless parameters and other factors important
to respecting geometric, dynamic, thermal, and compositional similarity for

modelling ducted rocket combustors.

e Characterization of the gas generator exhaust to provide data on how the solid

particles should be modelled.
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e Comprehensive assessment of experimental uncertainty for the direct-connect
experiments and a thorough description of how combustion efficiency was cal-

culated.

e Properly-instrumented high-frequency pressure measurements taken during
direct-connect experiments that confirm the presence of significant oscillations

that are likely coupled to the combustion.

e Investigation of the flow and combustion in a wide range of ducted rocket
configurations using a water tunnel, non-reacting and reacting flow CFD, and

direct-connect combustion experiments.

This work has been presented and defended in several fora. A list of publications

and three of the most significant papers are included in Appendix E.

7.3 Recommendations for Future Work

To improve the current understanding of combustion in a ducted rocket even

further, the following recommendations are made:

e As inputs to a CFD model, the characterization of the inlet boundary con-
ditions, particularly the inlet turbulence intensities and the gas generator ex-

haust, should be improved.

e The experimental uncertainty of direct-connect combustor experiments should

be reduced.

e While not necessary for the ducted rocket configurations investigated for this
thesis, CFD models that take into account compressible flow, while at the same
time using as sophisticated combustion model as the PDF model, should be
developed since, in general, ducted rockets have compressible, supersonic fuel

jets.

e PD-scaling for ducted rockets should be validated with experiments on com-

bustors of different diameters.

e Now that it exists and has been extensively validated over a wide range of
geometries and test conditions, this methodology should be used to help design

a high-efficiency ducted rocket combustor.
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Appendix A

“PD-SCALING” OF
COMBUSTORS

Preserving the most relevant of the dimensionless parameters, already presented
in Chapter 2, between subscale and full-size gas turbine combustors has often been
attempted using what is known as “PD-scaling”, “P” being the static pressure in the
combustor and “D” being a representative linear dimension such as the diameter.
For this technique, geometric similarity and inlet temperatures, flow velocities, fuel
properties, and air/fuel ratio must be maintained between the model and the full-
size combustor. Then only the static pressure is changed in inverse proportion to

the linear scale [5]:
Pmlm = Dpdp (A.1)

This means that a half-scale combustor should be operated at twice the pressure
in order to approach dynamic, thermal, and compositional similarity. For gas tur-
bines, however, there are three main factors that can limit the success of PD-scaling.
The first is that scaling the fuel injection is quite difficult since the dimensions of
the injector cannot be scaled linearly with the rest of the combustor if the spray
pattern, momentum, and atomization are to be scaled correctly to yield the right
fuel distribution in the combustor [5, 17]. The second factor is that heat losses, if
significant compared to the heat generated by the combustion, do not scale linearly
in the combustor. While the convective processes inside the combustor can be scaled
correctly [5], neither convective processes outside the combustor (such as external

aerodynamic heating) nor radiative processes can [8].
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The third factor deals with the overall order of the chemical reactions in the

combustor. In terms of the progress of reaction e, the rate of reaction is [19]:

0 —FBa
a—i o Ae RT g"p" (A.2)

which shows that the reaction rate has a pressure dependence of n — 1 where n is
the reaction order. From the laminar flame theory of Mallard and Le Chatelier as

described in [19], the laminar flame speed can be expressed as:

E\ Tt — Tign (Oc /1 5
- — 77— | & —-p" Ve b A.
o \/(pcp) Tign — Ty (875) = pp svp (4-3)

assuming that the temperatures are constant and the thermal conductivity and

specific heats are functions of temperature only. The temperatures T,,, Tign, and Tt
denote the temperature of the unreacted mixture, the ignition temperature, and the
flame temperature of the fully reacted mixture respectively. Since most chemical
reactions are classified as second order (and therefore their reaction rates are directly
proportional to pressure) the laminar flame speed for a system whose overall reaction
order is 2 will not show any pressure dependence. As for turbulent flame speed,
which is more relevant to combustors in which turbulent flow dominates, correlations
of turbulent flame speed with laminar flame speed [6] show that turbulent flame
speed is a function of the laminar flame speed and either the Reynolds number or
the turbulent flow velocities. In a PD-scaled system with velocities and Reynolds
number constant, turbulent and laminar flame velocities will therefore be constant
and similarity will be respected for an overall reaction order of 2. Unfortunately, for
the combustion of many hydrocarbon fuels the reaction schemes are very complex
and include reactions that are not second order. Lefebvre and Halls [6] also noted
that in practical combustion systems the true reaction order may be influenced by
Reynolds number effects to yield an apparent reaction order. The apparent reaction
scheme is therefore often not second order, but somewhat less, typically 1.3 to 1.6
[12]. In these cases, flame speeds will decrease with increasing pressure.

For gas turbine combustors, Lefebvre and Halls [6] reported that when aero-
dynamic, chemical, and fuel spray scaling requirements have been respected, PD-
scaling as proposed by Stewart [5] had resulted in excellent similarity between model
and prototype (full-size) combustors. They also said that the consequences of not
maintaining geometric similarity of the fuel injector are probably minor since mod-

ern fuel injectors are designed to give adequate fuel atomization and distribution
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over a wide range of operating conditions. As for heat transfer, Stewart [5] stated
that convective processes are much more important than radiative processes, espe-
cially when distillate fuels are used. Since convective processes inside the combustion
chamber scale correctly for PD-scaling, neglecting radiation should have a minor ef-
fect on the success of the results. The factor concerning apparent reaction order may
be of more consequence, but this can be treated as follows. Way [17] proposed the
following scaling scheme to take into account the pressure dependence of reaction
orders (n) other than 2:

-1 n—1
pg dm _ pp dP
Um Up

(A4)

which reduces to PD-scaling for second order reactions and the same flow velocities
in the model and the prototype. He also showed that the inverse of the quantity in
the scaling scheme is proportional to the loading intensity (which is also the inverse

of Damkéhler’s first dimensionless ratio):

1

p"id ! v vpd? enerqgy input _
v pr=id  dPpr  unit time - unit volume - pressure®
(A.5)

and that combustor efficiency can be correlated with this and the Reynolds number.
Building on this, Lefebvre and Halls [6] assume that n is actually the true reaction
order (not the apparent one) but that it is combined with a factor a which is related
to the Reynolds number. This yields a pressure dependence of 0.5n/(1 — a) so the

correlating group for n = 2 is:

(pd) ™ (A.6)
v
This means that even if the effects of having an apparent reaction order other than
2 are significant, PD-scaling can still be applied as long as the performance data are
correlated using the above group. Based on reported past experience, PD-scaling
can be successfully applied to gas turbine combustors even if similarity for the fuel
injectors, heat transfer, and apparent reaction order is not strictly respected.

In the case of afterburners and liquid fuel ramjets (LFRJ), both of which are
mechanically simpler than gas turbine combustors, Lefebvre and Halls [6] concluded
that PD-scaling has proven highly successful. For afterburners, they found that
smaller model combustors always run with cooler metal temperatures because the

overall heat transfer, particularly radiation, is not scaled correctly with PD-scaling.
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Stewart and Quig [7] confirmed the successful application of PD-scaling to LFRJ’s
and also showed that suspected problems due to fuel distribution had only minor
effects on combustor performance. Hottel et al. [8] also studied scaling in LRFJ’s
and recommended that scaling can be based on the loading intensity (inverse of
Damkohler’s first dimensionless ratio) with a reaction order n = 2 as long as the
Reynolds number based on the combustor diameter is greater than 24 000. However,
they found that for this to be successful, factors such as heat losses through the
burner walls, turbulence variations due to very low pressure operation (less than
0.02 MPa), and acoustic instabilities, all of which can affect the apparent reaction
order but do not scale correctly with PD-scaling, must have little consequence. Stull
et al. [9] performed a scaling study on liquid fuel ramjet dump-type combustors
with different diameters and found that with PD = constant, similar combustion
efficiencies were obtained except for the cases where heat losses were significant.
Solid fuel ramjets (SFRJ) have also been the object of a scaling study. Ben-Arosh
and Gany [10] tested over 40 small-scale SFRJ combustors with an approximately
constant value of the product of combustor pressure and port (inside combustor)
diameter. They found that performance correlated as expected with port diameter.

In the case of ducted rocket combustors, PD-scaling should also be applica-
ble. The problem of scaling fuel distribution, as present in liquid fuel combustors,
should be minimal if geometric similarity is maintained for the fuel injection and the
processes concerning the combustion of any solid particles can be scaled correctly
(or have little effect). As for heat losses, normally a ducted rocket combustor would
be insulated on the inside, but for our experiments this will not be the case, so
heat losses through the combustor wall will occur. While PD-scaling will scale the
convective heat transfer correctly for geometrically-similar combustors, heat losses
due to convection and radiation outside the combustor will not, in general, be scaled
correctly. If the heat losses are significant, the inner wall temperature of the com-
bustor will be different between the model and the prototype, and thermal similarity
will not be maintained (which will affect dynamic and compositional similarity as
well). The importance of these heat losses should therefore be determined. The
last concern is whether or not the global reaction rate is second order. If it is not
exactly second order, then as suggested by Way [17] the pressure could be changed
in the model to compensate so the combustor performance would scale correctly.
However, a better approach until the exact reaction order is known is to maintain

PD-scaling and, if there is evidence later to suggest that the global reaction rate is
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not second order, then correlate the performance data with a modified parameter.
The best way to determine the global reaction order would be to test at a different
geometric scale. However, if this is not possible, a comprehensive study into the
combustion processes, including solid particle effects, should be done to estimate

the global reaction order.



Appendix B

SAMPLE INPUT AND OUTPUT
FILES FOR CETS89

These are the input and output files for a sample calculation of combustion effi-
ciency based on temperature rise in the combustor with CET89. The configuration

is DC1, the same one used for the sample calculation in Appendix C.

cet89.in Input File

REACTANTS
REACTANTS
C 2.0 H 4.0 00 100.00 289.00 F
N 2. 00 71.92607111 G 523.20 0
H 2. 01. 00 1.586562157 G 523.20 0
Cc1. 0 2. 00 1.939131525 G 523.20 0
0 2. 00 23.11639571 G 523.20 0
AR1. 00 1.431839504 G 523.20 0
THERMO THERMOCHEMICAL DATA
TRANSPORT PROPERTY COEFFICIENTS
NAMELISTS

rkinpt.dat Input File
.TRUE. EQL .TRUE.
.FALSE. FROZ .TRUE.
2.0525 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 SUBAR 1:10
0.00 0.00 0.00 SUBAR 11:13
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 SUPAR 1:10
0.00 0.00 0.00 SUPAR 11:13
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 PCP 1:10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 PCP 11:20
0.00 0.00 PCP 21:22
3800. TCEST 3800.
1 NFZ 1
.FALSE. FAC .FALSE.
1332. MA 1332.
1.58 ACAT 0.0

.FALSE. DEBUGF .FALSE.
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1 KASE
0

0

0

4

0

0

.FALSE. PSIA
.FALSE. MMHG
.TRUE. NSQM
0.00 0.00 O.
0.00 0.00 O
0.00 0.00 O
0.00 0.00 O
0.00 0.00 O
0.00 0.00 O.
.FALSE. ERAT
.TRUE. OF
.FALSE. FPCT
.FALSE. FA
21.1881 -1.0
1:10

-1.0 -1.0
-1.0 -1.0
.FALSE. TP
.FALSE. HP
.FALSE. SP
.FALSE. TV
.FALSE. uv
.FALSE. sV
.TRUE. RKT
.FALSE. SHOC.
.FALSE. DETN
0.DO TRAC
1.D30 S0
1.D30 S0
.FALSE. IONS
0 IDEB
.FALSE. PHI
.TRUE. SIUN
.FALSE. INHG
.FALSE. TRNS
.99995D0 TRPA
.FALSE. NODA'
1.D30 U
1.D30 H

00

.00
.00
.00
.00

00
I0

-1
-1.

K

E

UG

IT

PT

cC
TA

[elelNelNeNeNe)

.0

0

1

0
0
0
0
0
0

-1.0

-1.0
.FALSE.
.FALSE.
.FALSE.
.FALSE.
.FALSE.
.FALSE.
.FALSE.
.FALSE.
.FALSE.

0.DO

1.D30
1.D30

0

.FALSE.

.FALSE.
.FALSE.
.FALSE.
.FALSE.

.00
.00
.00
.00
.00
.00

.99995D0

.FALSE.

1.D30
1.D30

.00 0.00 0.00 0.00 0.00 0.00
.00 0.00 0.00 0.00 0.00 0.00
.00 0.00 0.00 0.00 0.00 0.00
.57E5 0.00 0.00 0.00 0.00 0.00
.00 0.00 0.00 0.00 0.00 0.00
.00 0.00 0.00 0.00 0.00 0.00
.FALSE.

.FALSE.

.FALSE.

.00
.00
.00
.00
.00
.00
.FALSE.
.TRUE.
.FALSE.
.FALSE.
-1.0

.00
.00
.00
.00
.00
.00

[olelNelNeNeNel

-1.0

-1.0
-1.0

200

inpt2.dat Input File

0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

.00
.00

.00
.00

-1.0 -1.0 -1.

0.00 0.00 T 1:10
0.00 0.00 T 11:20
T 21:26
P 1:10
P 11:20
P 21:26
.00 0.00 v 1:10
.00 0.00 V 11:20
V 21:26
.00 0.00 RHO 1:10
.00 0.00 RHO 11:20
RHO 21:26

-1.0 -1.0 -1.0 MIX

0 MIX 11:20
MIX 21:26
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cet89.out Output File

REACTANTS

C 2.0000 H 4.0000 0.0000 0.0000 00
0.00 289.000 F
N  2.0000 0.0000 0.0000 0.0000 00
0.07 G 523.200 0
H 2.0000 0 1.0000 0.0000 0.0000 00
0.02 G 523.200 0

C 1.0000 0 2.0000 0.0000 0.0000 00
0.02 G 523.200 0

0 2.0000 0.0000 0.0000 0.0000 00
0.10 G 523.200 0
AR 1.0000 0.0000 0.0000 0.0000 00
0.10 G 523.200 0
THERMO THERMOCHEMICAL DATA
TRANSPORT PROPERTY COEFFICIENTS
NAMELISTS
0 *%x TNPT2%%%
OKASE = 1 IDEBUG = O TRACE = 0.00000D+00
OTP=F HP=F SP=F TV=F U/ =F SV=F
DETN = F
OTRNSPT = F  TRPACC = 0.999950E+00 NODATA = F
OOF =T FA=F FPCT=F ERATIO=F PHI =F
0S0 = 0.10000001E+31 U = 0.00000000E+00 H = 0.00
OP =  0.45700E+06
OT =  0.00000E+00
OMIX = 0.21188E+02
OSPECIES BEING CONSIDERED IN THIS SYSTEM

L 5/66 AR J 3/78 C
J12/72 CH2 J 3/61 CH20

J 6/69 CH3 J 3/61 CH4
J 6/66 CNN J12/70 CN2

J 9/65 CO J 9/65 C02
J 3/67 C2H J 3/61 C2H2

L 4/80 C2H4 L 2/80 C2H6
J 3/61 C2N2 J 9/66 C20

J12/69 C3 J 6/68 (302
J 3/61 C4N2 J12/69 C5

J 3/77 H L12/69 HCN
J12/70 HNCO J 3/63 HNO

J 6/63 HNO2 J 6/63 HNO3
J 3/77 H2 J12/65 H2N2

J 3/79 H20 L 6/80 H202
J12/70 NCO J 6/77 NH

J 6/77 NH2 J 6/77 NH3
J 9/64 NO2 J12/64 NO3

J 3/77 N2 J12/65 N2H4
J 9/64 N204 J12/64 N205

J12/70 N3 J 3/77 0
J 3/77 02 J 6/61 03

J 3/78 C(GR) L 3/81 H20(S)
0 **xkRKTINP*x*x*
OEQL = T FROZ=F NFZ= 1 TCEST = 3800.000
0.13320000E+04  ACAT = 0.15800000E+01  DEBUGF = F
OPCP =
OSUBAR = 0.20525000E+01
OSUPAR =
O0OF = 21.188101

EFFECTIVE FUEL

MIXTURE

ENTHALPY HPP(2)

HSUBO

.0000 100.000000

.0000  71.926003

.0000 .586500

.0000 .939100

.0000  23.115999

.0000 .431800

IONS = F
RKT = T

SIUNI
SHOCK

000000E+00

J12/67 CH

J 6/69 CN
J12/69 C2
J 3/67 C2N
Ji12/69 C4
J12/70 HCO
J 9/78 HO2
J 3/77
J 6/63 NO
J12/64 N20
J 6/77 OH

J 3/79 H20(L)

FAC=F MA

EFFECTIVE OXIDANT

HPP(1)

T

F

T
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(KG-MOL) (DEG K)/KG 0.22253583E+03 -0.18653619E+02 -
0.77834027E+01
OKG-FORM.WT. /KG BOP(I,2) BOP(I,1)
BO(I)
c 0.71291692E-01 0.44060905E-03
0.36338109E-02
H 0.14258338E+00 0.17612932E-02
0.81080325E-02
N 0.00000000E+00 0.51351303E-01
0.49036941E-01
0 0.00000000E+00 0.16209992E-01
0.15479421E-01
AR 0.00000000E+00 0.35841807E-03
0.34226445E-03
OPOINT ITN T Cc H N 0
AR

1 15 2120.84 -24.766 -13.460 -12.986 -15.159
-24.478
PC/PT= 1.791252 T = 2120.84

2 3 1895.28 -27.221 -14.277 -13.086 -15.239
-24.821
PC/PT= 1.802240 T = 1895.28

2 2 1892.98 -27.249 -14.287 -13.087 -15.240
-24.824
PC/PT= 1.802331 T = 1892.98

2 1 1892.96 -27.249 -14.287 -13.087 -15.240
-24.824

3 22102.64 -24.944 -13.519 -12.994 -15.165
-24.505

3 2 2099.01 -24.979 -13.531 -12.996 -15.166
-24.511

3 2 2098.58 -24.984 -13.532 -12.996 -15.167
-24.511

3 1 2098.58 -24.984 -13.532 -12.996 -15.167
-24.511
1 THEORETICAL ROCKET PERFORMANCE ASSUMING EQUILIBRIUM

COMPOSITION DURING EXPANSION

FROM INFINITE AREA COMBUSTOR
OPINF = 66.3 PSIA
CASE NO. 1

WT

FRACTION ENERGY  STATE TEMP
CHEMICAL FORMULA

(SEE NOTE) KJ/KG-MOL DEG K
FUEL C 2.00000 H 4.00000
1.000000 51907.211 289.00
OXIDANT N 2.00000

0.719264 6599.144 G 523.20

OXIDANT H 2.00000 0 1.00000
0.015865 -234072.422 G 523.20
OXIDANT C 1.00000 0 2.00000
0.019391 -384161.844 G 523.20
OXIDANT O 2.00000

0.231161 6809.268 G 523.20

OXIDANT AR 1.00000

0.014318 4677.952 G 523.20

0 0/F= 21.1881 PERCENT FUEL=  4.5069 EQUIVALENCE RATIO=
0.7314 PHI= 0.6986

0 CHAMBER = THROAT EXIT
PINF/P 1.0000 1.8023 1.0580
P, MPA 0.45700 0.25356 0.43196
T, DEG K 2120.84 1892.96 2098.58
RHO, KG/CU M 7.4767-1 4.6511-1 7.1428-1
H, KJ/KG -64.715 -405.13 -98.978

U, KJ/KG -675.94 -950.29 -703.73



G, KJ/KG -19025.8
S, KJ/(KG) (K) 8.9404
M, MOL WT 28.850
(DLV/DLP)T -1.00039
(DLV/DLT)P 1.0126
CP, KJ/(KG) (K) 1.5643
GAMMA (S) 1.2323
SON VEL,M/SEC 867.9
MACH NUMBER 0.000

OPERFORMANCE PARAMETERS

AE/AT

CSTAR, M/SEC
CF

IVAC, M/SEC
ISP, M/SEC

OMOLE FRACTIONS

AR 0.00987
co 0.00069
€02 0.10414
H 0.00002
H2 0.00016
H20 0.11582
NO 0.00546
NO2 0.00001
N2 0.70461
0 0.00018
OH 0.00194
02 0.05709

OADDITIONAL PRODUCTS WHICH
THAN 0.50000E-05 FOR ALL

C CH
CH4 CN

CNN CN2
C2H4 C2H6

C2N C2N2
Cc4 C4N2

C5 HCN
HNO2 HNO3

HO2 H2N2
NH NH2

NH3 NO3
N205 N3

03 C(GR)

ONOTE. WEIGHT FRACTION OF
1

203

-17328.9 -18861.0
8.9404  8.9404

28.870 28.853
-1.00010 -1.00035
1.0038 1.0113
1.4557 1.5509
1.2488 1.2341
825.1 863.9
1.000 0.303

1.0000 2.0525

1191 1191
0.693 0.220
1485.8  2572.0
825.1 261.8

0.00988 0.00988
0.00014 0.00060
0.10477 0.10424
0.00000 0.00002
0.00004 0.00014
0.11663 0.11593
0.00298 0.00518
0.00000 0.00001
0.70636 0.70483
0.00004 0.00016
0.00075 0.00179
0.05840 0.05723

WERE CONSIDERED BUT WHOSE MOLE FRACTIONS WERE LESS
ASSIGNED CONDITIONS

CH2 CH20 CH3
Cc2 C2H C2H2
C20 Cc3 C302
HCO HNCO HNO
H202 N NCO
N2H4 N20 N204
H20(S) H20(L)

FUEL IN TOTAL FUELS AND OF OXIDANT IN TOTAL OXIDANTS



Appendix C
SAMPLE CALCULATION

To calculate the combustion efficiency, the raw data measured from each direct-
connect experiments are averaged. This table includes the data reduced from this
voluminous raw data, mainly from pressure and temperature measurements, for
direct-connect configuration DC1. From this reduced data, the combustion effi-
ciency is calculated with the equations given in Chapter 5, and these results are
also given. The boundary conditions for the CFD modelling also came from these
data. The predicted temperatures and combustion efficiencies from the onestream
and twostream PDF models are therefore presented as well. Figure C.1 shows a
schematic of the gas flows and the location of the chokes mentioned in the table.

Parameter Value Units
Configuration DC1

Equivalent water tunnel configuration WT7, WTS8
Vitiated air flow into air plenum (choke C2) 1561 g/s
Total vitiated air flow (chokes C14C2) 1665 g/s
Total mass flow through fuel plenum 182.6 g/s
(chokes C14C3+C4)

Total ethylene flow (C3+C4) 78.6 g/s
Vitiated air flow through gas generator (choke C1) | 104.1 g/s
Ethylene temperature 289 K
Oxidizer/fuel ratio in fuel plenum 1.325

Gas generator pressure 1.047 MPa
Static pressure in combustor 0.432 MPa
Stagnation temperature in air inlets 523 K
Static temperature in air inlets 516 K
Oxidizer/fuel ratio in combustor 8.545

Fuel injector diameter 27 mm
Calculated fuel velocity 354 m/s
Air injector diameter 50.8 mm
Calculated air velocity 132 m/s
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Fuel momentum (mass flow rate - velocity) 64.6 kg-m/s?

Air momentum 206.2 kg-m/s?

Air/fuel momentum ratio 3.19 Ratio

Air injector A4

Fuel injector diameter F0-27

Overall air/ethylene ratio in combustor (not the | 21.19

same as the oxidizer/fuel ratio in the combustor)

Theoretical combustor temperature (7i4 theo) 2121 K

Theoretical characteristic velocity (Cfpeo) 1191 m/s

Combustor length 458 mm

Combustor dome 57 mm

Theoretical molar mass in combustor 28.85 g/g-mol

Stagnation pressure in combustor (pg4) 0.457 MPa

Total mass flow rate through combustor (n,) 1743 g/s

Diameter of combustor nozzle throat 69.8 mm

Combustor nozzle discharge coefficient 1.0

Experimental combustor stagnation temperature | 1505 K

(ﬂ4,exp)

Experimental characteristic velocity (C7 ) 1003 m/s
Vitiated air composition

N, mole fraction 0.74251

O3 mole fraction 0.20891

H,O mole fraction 0.02547

CO5 mole fraction 0.01274

Ar mole fraction 0.010 37

Total 1

Molar mass of the vitiated air 28.92 g/g-mol

Density of the vitiated air 2.914 kg/m?

Gas generator exhaust composition

Ar mole fraction 0.002 79
CH, mole fraction 0.0252
CO mole fraction 0.100 31
CO4 mole fraction 0.004 49
HCN mole fraction 0.00001
Hs mole fraction 0.358 19
H50O mole fraction 0.016 85
NHs mole fraction 0.000 18
N, mole fraction 0.199 72
C(graphite) mole fraction 0.292 26
Sum of mole fractions 1
Density of gases and solids 0.902 kg/m?
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Mass fraction of solids in the gas generator exhaust | 0.257
Mass fraction of gases in the gas generator exhaust | 0.743
Static temperature of the gas generator exhaust at | 1112 K
the combustor fuel inlet
Mole fractions of gases only
Ar mole fraction 0.00394
CH,4 mole fraction 0.03561
CO mole fraction 0.14173
CO4 mole fraction 0.006 34
HCN mole fraction 0.00001
H, mole fraction 0.506 10
H,0O mole fraction 0.023 81
NH3 mole fraction 0.000 25
N, mole fraction 0.28219
Sum of mole fractions 1
Onestream PDF Results
100 mm 796 K
200 mm 918 K
300 mm 993 K
400 mm 1065 K
458 mm 1107 K
500 mm 1129 K
Twostream PDF Results
100 mm 788 K
200 mm 916 K
300 mm 990 K
400 mm 1056 K
458 mm 1092 K
500 mm 1113 K

Combustion efficiencies based on temperature rise in the combustor

Experimental combustion efficiency 61%
Onestream PDF combustion efficiency at 458 mm | 37%
Twostream PDF combustion efficiency at 458 mm | 36%




207

Choke denoted by: ]

CH4—

C2 Air Rami C6 .
L 25 jet | Ramjet
Air Vitiator = plenum combustor% exhaust
02—~ ife
C3 Gas G5 Fuel
C2H4 7= yenerator =7 plenum

A

Secondary C2H4 lic4

Figure C.1: Placement of the gas chokes



Appendix D

REPRODUCIBILITY OF THE
EXPERIMENTS

Four of the direct-connect configurations were tested twice to determine how
reproducible the experiments were. The experimental results are presented in Ta-
ble D.1. Configuration DC5 is a repeat of configuration DC2, configuration DC10 is
a repeat of configuration DC7, configuration DC17 is a repeat of configuration DC14,
and configuration DC22 is a repeat of configuration DC19. For each configuration,
since the input parameters vary slightly for each of the two experiments, so do the
outputs.

Table D.1: Combustion efficiencies for repeat tests

Direct | Air | Fuel | Dome Air/fuel Experimental | Experimental
Connect | Inj Inj Height | Momentum Efficiency Uncertainty

Config [mm)] Ratio

DC2 A4 | F0-27 57 11.73 0.48 16%

DC5 A4 | F0-27 57 11.59 0.50 16%

DC7 A2 | F0-27 57 19.43 0.64 14%
DC10 | A2 | F0-27 57 19.07 0.66 14%
DC14 | A6 | F0-27 57 10.80 0.57 14%
DC17 | A6 | F0-27 57 11.07 0.59 14%
DC19 | A4 | F0-27 100 10.93 0.61 14%
DC22 | A4 | F0-27 100 11.14 0.65 13%
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MODELLING AND FLOW VISUALIZATION OF MIXING
IN A DUCTED ROCKET COMBUSTOR

R.A. Stowe*, Defence Research Establishment Valcartier, Québec, Canada
A. DeChamplaint, Université Laval, Québec, Canada
A.E.H.J. Mayert, TNO Prins Maurits Laboratory, The Netherlands
S.F. Niemeijer§, Hogere Technische School, Haarlem, The Netherlands

ABSTRACT

Under a co-operativeprogram, the Defence
Research Establishment Valcartier (DREV) and
UniversitéLaval in Canadaandthe TNO Prins Maurits
Laboratory (TNO-PML) and HTS Haarlem in the
Netherlandshavestudiedthe useof a ductedrocketfor
missile propulsion. To maximize the benefit of the
experimental combustion tests on scale-model
combustorsthe effect of geometryandflow conditions
onthemixing of the air andthe fuel wasfirst examined.
A literature surveywas performedto identify a likely
range of geometries and boundary conditions for
testing, followed by flow visualization and
computational fluid dynamic (CFD) modelling of
air/fuel mixing within a watertunnelat flow conditions
geometrically and dynamicallimilar to thoseexpected
during the combustion experiments.Since the CFD
modelling compared well with the water tunnel
visualization, further geometries were modelled to
determinewhich would likely have good mixing and
thereforegive high efficiencyin combustiontests.High
air and fuel inlet velocities were generally associated
with good mixing, but only at high enough air/fuel
momentum ratio. Additional CFD modelling using
boundary conditions expected in the combustion
experimentsconfirmed that air/fuel momentum ratio
wasa critical parameteto describethe flowfield in the
combustor.

INTRODUCTION

The Defence Research Establishment
Valcartier(DREV) andUniversitéLaval in Canadaand
the TNO Prins Maurits Laboratory (TNO-PML) and
HTS Haarlemin the Netherlandshave undertakena
collaborativeactivity to studythe useof a ductedrocket
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§ Student, Aeronautical Engineering

Copyright © 1998 by the Department of National Defence,
Canada and TNO Prins Maurits Laboratory, the Netherlanc
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1

for missile propulsion.This type of motor has several
advantagesover solid fuel rocket motors including
increasedrange, higher speed,and throttleability, but
only a limited increasein complexity. In the ramjet
combustor fuel-rich exhaustfrom the gas generatoris
mixedwith air from theinlets, burns,andis accelerated
throughthe nozzleto providethrust. This aspectof the
overallductedrocketpropulsionsystemformeda major
part of this collaboration, and involved performing
experimentsat TNO’s direct-connectcombustiontest
facility to determinecombustomperformanceHowever,
since a limited numberof combustiontests could be
carriedout, a testmatrix was carefully designedso that
only configurationsthat would likely exhibit a high

Booster propellant
in ramjet combustor

Gas generator with fuel grain

Fuel inlet

Air inlet — 7

Port cover

Figurel - Ducted rocket missile

degree of air/fuel mixing, and therefore could be
expectedto demonstrategood combustionefficiency,
weretested.The possibilitieswere further narrowedby
restrictingthe basicgeometryto a combustorwith dual
inlets spacedd(® apartcircumferentiallysincethis is a
favoured configuration for air-launchedmissiles. The
geometries,as Fig. 2 shows, also used very long air
inlets and main combustorbodies that would not be
practicalon a missile motor, but facilitated testingand
determining the boundary conditions for the water
tunnel testingand CFD modelling. A practical ducted
rocketmotor would haveinlets that huggedthe side of
the combustor and their ends would face directly
forward, as shown in Fig. 1. During flight, the dual
inletswould normally be belowthe missileaswell. This
paper describesthe literature survey, water tunnel
visualization,and CFD modelling that were performed
to study the mixing of the air and fuel within the
combustor and to choose the test matrix.

American Institute of Aeronautics and Astronautics
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Dia of Rein Air Type Injection |Dome |Fuel injection typg Stag. Stag.
combustor[combustor |intakes angles height pressure |temperature
[mm] [deg] [MPa] [K]
Clark 1980 196.85 1850917 2 |Circular 162 deg 60 0.5 est.|In inlets 0.639 610
[Ref. 1] opposed
Choudhury 1984 89 No T,P datg 4 [Circular, cantable| 45,70 | 0.6-4.0 [Radial central No T,P datg No T,P datd
[Ref. 2]
Zetterstrom 198 100 1158833 4  [Circular 60 0.75 est|In inlets 0.714 704
[Ref. 3]
Stull 1983 150 4472945 2 |Rectangular ventrg 30,45,60( 0.4-0.9 |In inlets 0.248 571
[Ref. 4]
Cherng 1989 127 843322 2 |Opposed 2D 45 0.48 |2 off-centre ports, 0.199 286
[Ref. 5] 2D
TNO 1995 100 216065 2 |Circular ventral 45 0.7 |Central nozzle 0.617 655
[Ref. 6] protruding 30mm
NAWC 1995 127 259752 2 |Circular ventral 45 0.96 [Central nozzle 0.508 653
[Ref. 6] protruding 51mm
Schadow 1972 150 273001 2 |Opposed 45 0-neg |Central nozzle 0.201 298
[Ref. 7] rectangular slits
Japan 1987 83 460207 2 |Opposed 75 0.5 est.|Central nozzle 0.464 460
[Ref. 8]
ONERA 1993 85 1108057 4 (Circular, shifted, 45-90 | 0.5 est.|Various NA NA
[Ref. 9] deflectors
ONERA 1993 168 1760239 4 (Circular, shifted, 45-90 | 0.5 est.|Various NA NA
[Ref. 9] deflectors

Tablel - Previous experiments

Adr inlet

——— Air inlet

" "~Fuel inlet

Figure 2 - Basic geometry

Literature survey

The purpose of the literature survey was to find
out which geometries and test conditions had aready
been investigated by other researchers. Test conditions
were noted, and additional data calculated, such asair and
fuel velocities, Reynolds numbers (Re), and stagnation
properties to describe more completely the flow within
the combustors. Apart from the geometries and test
conditions, the papers were also examined for additional
parameters that described the flow, such as air/fuel
velocity, momentum, and mass flow retios.

The literature survey showed that many different
configurations have been investigated. Air inlet injection
angles from 30° to 90° were used, both with and without
splitters or guide vanes. Air inlet velocities were up to
200 s, with temperatures from ambient up to 800 K and
combustor pressures from about 0.2 MPa up to 0.7 MPa.

2

Dome heights were usualy from 25% to 100% of the
combustor diameter and, for dua inlet systems, more
stable recirculation in the dome region was obtained with
the intakes positioned 90° apart rather than directly
opposed a 180°. Methods of fuel injection varied widely,
from axial to radiad when injected from the head, to
injection in the air inlets themselves. Impingement of the
fuel jet against the air jets was desirable to better break up
the fuel jet and improve mixing. The mixing and the
small scale flow structures in the dome region of the
combustor were found to be quite sengitive to geometry
and boundary conditions when the fuel was injected from
the head, so this was kept in mind during our own mixing
studies. The literature survey also revealed that computer
modelling, flow visualization with water tunnels or wind
tunnels, and combustion tests (subscale and full scale)
were all performed to identify the best configurations and
maximize combustion efficiency.

Water tunnel visualization

After the literature survey, a water tunnel was
used to visualize the non-reacting flow and air/fuel
mixing within 200mm diameter model combustors at 24
combinations of geometry and test conditions. The use of
a water tunngl is an accepted method to visualize
flowfields within combustors, and has also been used
specifically for ducted rocket combustors[3, 10, and11].
DREV's water tunnel is basically a 560 litre plexiglass
tank in which a plexiglass model of a ducted rocket
combustor is ingaled. The tank is filled with water to
minimize refraction effects. A 2HP motor pumps water
through the “fuel” and “air” inlets of the combustor - this

American Institute of Aeronautics and Astronautics
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be recorded with a digital video
camera and compared to the velocity
field on a vector plot from the CFD
modelling. While this technique
revedled the largescae flow
structures quite well, the fine-scale
turbulence, very important for the

1 air/fuedd mixing, was not resolved.

Valves

=

S | \
Pump 1

Figure 3 - Water tunnel and optics setup

water simulates both the fuel and the air flowing through
an actual combustor. Differential pressure gauges across
sharp-edged orifices measure the flow through the air and
fuel inlets. The main advantage of awater tunnel for flow
visualization is that the Reynolds numbers achieved for a
1 m/s water velocity in the main part of the combustor
were on the orderof 10° andthereforerepresentativef
the flow in a typica ducted rocket combustor. Apart
from Reynoldsnumbersand geometry the ratio of the
fuel and air momentumthrough their respectiveinlets
wasusedto describethe flow. Momentumwas defined
asthe productof the massflow rate andthe velocity at
the inlet.

Several combustor models were built and
tested at various flow conditions. To visualize the
velocities within the combustor, the water was first
seeded with 100 micron polystyrene spheres which, since
they were of approximately the same density as water,
could follow the flow quite well. A laser sheet was
created with a 5W argon-ion laser to illuminate the planes
of interest (both longitudinal and cross-sectional). With
the proper shutter speed, the streaks of the particles could

-~

Figure 4 - P

Therefore, since air/fuel mixing was
of greater interest than the velocity
field, the visualization focused on this
instead. A method was found to seed
the water smulating the fuel flow with
very fine bubbles to distinguish it
from the water that was simulating the
air. These bubbles came from forcing
water from a second low-volume but higher-pressure
pump through a cavitation nozzle upstream of the fuel
flow meter. Since the vast mgjority of these bubbles were
just a few microns in diameter and barely buoyant, they
appeared to behave much more like an injected dye than
the much larger polystyrene spheres and would therefore
be more representative of actua air/fuel mixing.

CFED modelling

Computational fluid dynamics (CFD) modelling
of the water tunnel experiments was carried out using a
code known as FLUENT (Version 4.4). Geometriesvere
modelledas preciselyas possible,and structuredgrids
of approximately100,000 hexahedralcells, including
dead cells, were generated.Constant velocity inlet
profilesatthe endof the long inlet tubeswereassumed,
along with a turbulence intensity of 10% and a
turbulence characteristic length 25% of the inlet
diameters.The RenormalizedGroup Theory (RNG)
turbulencemodelwas usedfor the resultspresentedn
this paper.Propertiesof waterat 25°C wereusedfor the
working fluid, and incompressiblelow was assumed.
An importantdifferencebetweenthe water tunnel and
the CFD modelling is that FLUENT, being a quasi-
steadymodellingcode,givesa time-averageautput of
the flowfield, whereasthe experimentalwater tunnel
flowfields are unsteadyand changecontinuouslywith
time.

FLUENT was dso used to model other
combustor geometries of possible interest. While the use
of the water tunnel is a technique that is less resource-
intensve than experiments in the direct-connect
combustion test facility, it still requires models to be
constructed, experiments to be carried out, and data to be
reduced. With the CFD modelling, a wide range of
geometries and test conditions could be evauated more
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limitations of CFD modelling, particularly the assumption
that the flow is quasi-steady, means that at least some
experiments are still essential for validation purposes.

RESULTS

In al, 12 combinations of two different air
injection angles (60° and 90°), two different air injector
sizes (38 and 51mm), two different dome heights (57 and
100mm measured from head to the centre of the air inlet),
three different fuel injectors, and five different air/fuel
momentum ratios (3 to 20) were tested in the water tunnel
and modelled with FLUENT. Each of these was also
tested and modelled at two different combustor Reynolds
numbers (approximately 40000 and 80000), but no Re-
dependency was ever observed.

18mm 27mm

d@ dia@smm R@

FO0-18 FO-27 F1-18 or F1-18S

18mm
dia

Figure 5 - Fuel injectors

Air/fuel mixing and flow patterns

Good mixing of the air and the fuel in the
combustion chamber is a prerequisite for efficient
combustorperformance.Since mixing occurs on the
interfacebetweenthe air and the fuel, maximizing this
interfaceis desirable High turbulencédevels,which are
associatedvith high flow velocities, along with well-
chosenair/fuel momentumratios, were necessaryfor
goodmixing. To facilitate the descriptionof the mixing,
the combustorcan be divided in threedistinct regions,
namelythe domeregion, the air inlet section,and the
main combustor region (Fig. 6).

A\

1) 2 3

Dome region

Air inlet section

Main combustor region
Figure 6 - Combustion chamber regions

While the exact flow patterns seen from the
water tunnel images varied greatly depending on
configuration, particularly on air/fuel momentum ratio,
two basic flow features appeared to be common. The
firdt, seen in Fig. 7, is a pair of longitudina vortical

4
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structures that are a continuation of the high-speed flow
from the air inlets. These structures corkscrew from
below the centreline in the air inlet section and continue
downstream toward the nozzle They entrain and
trangport the mixture from the dome region of the
combustor past the air inlets and to the main combustor
region. They aso add “swirl” to the flow and improve
mixing by increasing the interface area between the air
and the fuel.

/Axis of symetry

/,/Air injection
|

©

Air injection\\\

Swirling flow

Figure 7 - Longitudinal vortical structures (end view)

The other basic flow phenomenon that generaly
appeared was a recirculation zone from the air inlet
sction into the dome region. Its exact shape was
dependent on the strength of the fuel jet. At high air/fuel
momentum ratios, the recirculation zone appeared to fill
the entire height of the dome. However, when the fudl jet
was relatively strong, this recirculation zone would
decrease in height and turn back on itself below the fuel
jet as shown in Fig. 8, and another recirculation region
above the fud jet rotating in the opposte direction
occurred. At very high fuel momentums, though, mixing
was relatively poor since the fuel jet would not break up
inthe ar inlet section; it would continue, relatively intact,
into the main combustor region.

EN———

Figure 8 - Recirculation zoria dome

Flow stability

One important advantage of the water tunnel
over the CFD modelling was that the unsteady flow
phenomena could be observed. Figure 9 shows a
sequence of images of configuration 9, taken at 30 frames
per second.
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These images were taken on the longitudinal
centreline plane of the combustor where, assuming
symmetry in the flows and the geometry, there should be
no flow normal to the image. The fuel jet enters from the
left, and the circular reflection just above is where the air
inlet is attached to the combustor. This particular
configuration used 51mm diameter air inlets with a 60°
injection angle, a dome height of 57mm, a centrally-
locatedfuel inlet of 27mm diameter,an air/fuel mass
flow ratio of 9.21,anair/fuel momentunratio of 11.98,
anda combustoRe = 40052.As canbe seenin thefirst
image, the end of the fuel jet hasbrokenoff and has
passedthrough the air inlet section. As it moves
downstream into the main combustor region it dissipates
by the fourth and fifth imagén thethird image,theend
time = 0.033s of the fuel jet appeardo breakoff onceagain,but this
time it is smallerand thereforedissipateamore quickly
than the one in the first image. This particular
configuration was one of the leatable meaningthatit
displayed a greater variability in the break-upheffuel
jet thanmostof the otherconfigurationsFrom time-to-
time, some relatively large pieceswould break off.
However, this type of behaviour wagpical of all of the
tests,thoughusuallyto a lesserextent,and occurredat
time = 0.067s regular intervals, increasing with Reynolds number.

Water tunnel and CFD comparison

To comparethe CFD resultswith the water
tunnel images, contoynlots of fuel massfractionon the
centreline plane were chosen. Unfortunately, the
apparent concentration of the simulated fuel irviager
! tunnelimagesis not only a function of the numberof
time = 0.100s cavitation bubblespresent,but also of how the laser
light is scatteredrom thesebubblesandthe intensity of
the laserlight. Sinceforward-scatteringf light from a
bubble can be many times greater than the back-
scattering,any bubblesto the right of the imagesare
much brighter than those to the left. The apparent
concentrationof bubblesto the right of the imageis
thereforemuchgreaterthanit shouldbe. Sincethe laser
beam intensity follows a Gaussianprofile, the light
sheetis less intenseat the top and the bottom; this
means than the apparent concentraditthe top andthe
bottomis lessthanit shouldbe. An additionalproblem
is presenin thetop left handcornerof theimagewhere
reflections from the air inlet junction occur. Despite
theselimitations, however the shapeof thefuel jetscan
justifiably becomparedn the CFD andthe watertunnel
- imagessince the concentrationgradientsat the edges
time = 0.167s are quite sharp. If one takes these limitations into
accountthe differencesbetweenthe imagesawayfrom
the fuel jets would certainly be reduced with the
appropriate corrections.

time = 0.133s

Figure 9 - Configuration 10, sequence of images.
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Configuration 5, air inlets 8038mm diameter, fuel inlet 27mmentrally-located, dome height 57mm, air/fuel mass
flow ratio = 9.07, air/fuel momentum ratio = 20.66, combustor Re = 80582.

Configuration 9, air inlets 8051mm diameter, fuel inlet 27mmentrally-located, dome height 57mm, air/fuel mass
flow ratio = 9.21, air/fuel momentum ratio = 11.98, combustor Re = 80104.

Configuration 11, air inlets 6051mm diameter, fuel inlet 18mmentrally-located, dome height 57mm, air/fuel
mass flow ratio = 9.19, air/fuel momentum ratio = 5.3, combustor Re = 80122.

Configuration 13, air inlets 6051mm diameter, fuel inlet 18mm, located below air inlets, dome height 57mm,
air/fuel mass flow ratio = 9.19, air/fuel momentum ratio = 5.3, combustor Re = 80122.

Configuration 17, air inlets 6051mm diameter, fuel inlet 27mmentrally-located, dome height 100mm, air/fuel
mass flow ratio = 9.21, air/fuel momentum ratio = 11.98, combustor Re = 80104.

0.90

0.50

070 Figure 10 - Fuel mass fraction on centreline plane, CFD modelling and water tunnel tests for various
0.60 configurations. Fuel mass fraction legend for CFD modelling to left.

Q.50

0.40

0.30

0.20

0.10

0.00
6
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The five pairs of images presented were chosen
because they al have essentially the same air/fuel mass
flow ratio and, compared to configuration 9 in the second
pair, they each have only one parameter different. The top
pair of images are for configuration 5 which has a small
diameter air injector. This has the effect of increasing the
air/fuel momentum ratio as compared to configuration 9,
50 the air jets are much more intense and abruptly cut off
the fuel jet.

The third pair, configuration 11, has a smdler
fuel injector than for configuration 9, so the air/fuel
momentum ratio is smaller. Despite being deflected
downward somewhat, the fuel jet shoots past the air jets
and therefore its dissipation before the main combustor
region islimited. In configuration 13, the fuel inlet port is
lowered with respect to configuration 11, and this has a
positive influence on the mixing. The fuel jet is cut off
more abruptly by the air jetsin this position.

The last configuration is the same as
configuration 9 except the dome height is increased to
100mm. Since the fuel jet isaready well cut off by the air
jets and turns back toward the dome region by
recirculation, increasing the dome height has no apparent
advantage at this air/fuel momentum ratio.

In each case, areas of high fuel concentration in
the water tunnel images correspond quite well to those in
the CFD plots. Because the differences between the two
techniques in the other regions of the flowfield could be
explained by phenomena such as reflections, scattering,
and variation in laser intensity, there was no evidence to
doubt the CFD modelling results. As such, only CFD was
used to evaluate the mixing for several additiona
configurations.

CFD visudization

Since the centreline contour plots provided only
alimited view of the mixing within the combustor, much
more extensive visudlization was done with the CFD
results. This visualization provided much better
understanding of the mixing, but to generate the same
number of images with the water tunnel would have not
been practical. Figures 11-14 are contour plots of fuel
mass fraction at many different cross-sections. In each
case, the air/fuel massflow ratio is essentialy the same. A
scale of 0% to 30% was chosen since this better
highlighted the differences between the configurations.
Completely mixed air and fuel at these mass ratios would
correspond to afuel mass fraction of approximately 10%.
The fuel rich areas of 30% and above fuel mass fraction
are white, and the lean areas are black. Configuration 5
shown in Fig. 11, with 38mm diameter air injectors and a
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27mm diameter fud injector, has a dome region that is
fuel rich but has some entrained air from recirculation. In
the air injector area there are zones of greatly varying
concentration. The main fuel jet is swept along by the
vortical structures created by the air jets from the air inlet
section into the main combustor region. Toward the end
of the combustor the cross-sections appear to have a
uniform fuel mass fraction, except for a small leaner band
againgt the wall.

0.30
027
0.24
0.21
0.18
0.15
0.12
0.09
0.06
0.03
0.00

Figure 11- Fuel mass fraction, configuration 5

Configuration 9, with 51mm air inlets and a
27mm diameter fuel injector, has a richer dome region
mixture than for configuration 5 due to its lower inlet air
velocities. The main mixture patterns are somewhat
similar to the previous configuration, but the cross
sections are not as uniform in fuel concentration. Thereis
also alarger lean area against the combustor wall.

LN
0.30
@ 0.27
\\\ 0.24
0.21
0.18
j 0.15
5 ] 0.12
ZQ/‘W ; 0.09
\ 1 0.06
< | // 0.03
L 0.00

Figure 12- Fuel mass fraction, configuration 9

Configuration 11 in Fig. 13 has the same air
injector as configuration 9, but a smaller 18mm diameter
fuel injector and therefore higher fued momentum. As
seen, there is more air at the top part of the dome region,
and the fuel jet appears to remain intact as it passes
through the air inlet section. The jet continues along the
lower combustor wall, leaving a lean area on the top part
of the main combustor al the way to the exit.
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Figure 13- Fuel mass fraction, configuration 11

Figure 14 shows a configuration that was not
tested in the water tunnel. The previous results indicated
that high injection velocities promoted better mixing as
long as the air/fuel momentum ratio was high enough to
prevent the fuel jet from passing through the air inlet
section. A combination of the smaller air and fue
injectors was therefore modelled. The dome region has a
fuel mass fraction amost everywhere above 30%, and
while this mixture is swept aong in a Smilar way to
configurations 5 and 9, it is more uniform at the end of
the combustor than for the other configurations.

0.30
0.27
0.24
0.21
0.18
0.15
0.12
0.09
0.06
0.03
0.00

Figure 14- Fuel mass fraction, configuration 39

CFD modelling: water tunnel versus air/fuel flowfield.

The water tunnel and CFD studies provided data
to better choose severa configurations worthy of further
study in actual combustion tests. However, one question
that remained was whether or not using the same air/fuel
momentum ratio in the combustion tests, neglecting the
effect of chemica reactions, would result in smilar
flowfields to those seen or modelled with the water
tunnel. With the same geometry and combustor
dimensions, redlistic boundary conditions such as
temperatures, densities, and velocities were chosen for the
actual fud and air inlet flows in a mass flow ratio that
would give the same air/fuel momentum ratio as for the
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CFD and water tunnel studies. Configuration 1 was
chosen for these calculations, and used 38mm diameter

air inlets with an injection angle of 60°, a 27mm
diameter centrally-locatedfuel inlet, a dome height
57mm, and an air/fuel momentumratio of 5.3. In the
caseof the watertunnel,propertiesof waterwereused.
For the air/fuel tests, propertiefgasgeneratoexhaust
(from a mainly glycidyl azide polymerfuel) wereused
for the fuel inlet flow, and propertiesof vitiated air for

the air inlet flow. The flowfields were assumedo be
non-reacting and incompressible. The following

boundaryconditionswereusedfor the watertunneland
air/fuel test flowfield simulations:

Water Airffuel

Tunnel Tests
Air inlet velocity [m/s] 2.5 222.7
Fuel inlet velocity [m/s] 2.167 324.5
Air inlet density [kg/r] 1000 2.897
Fuel inlet density [kg/rf 1000 0.9537
Dyn. Viscosity [kg/ms] 0.0009 | 0.000025
Air/fuel mass flow ratio 4.59 8.02
Air/fuel momentum ratio 5.30 5.30
Combustor Re 88379 844565

Table Il - Boundary conditions and properties for
configuration 1, water tunnel and air/fuel tests

As seen,the Reynoldsnumbersvaried by an
order of magnitude,but as discussedpreviously the
watertunnelresultsshowedno Re-dependencieetween
40000and 80000,andshouldnot at valuesabove.The
air/fuel massflow ratiosdiffer greatly,andthe velocity
ratios somewhathut the following graphswill indicate
that the critical parameterto describethe flowfield is
air/fuel momentumratio. The next graph shows the
mole fraction of fuel for both the watertunnelandthe
combustiontestson the centrelineplane, 57mm from
the headandin the middle of the air inlet section.Here

1

0.9 7N
< 08 1\
L2 07 7 \
\
© o \
g 04 — Air/fuel test \
L% 03 L - Water tunnel \\\ -
0.2 =
0.1
0
006 004 002 0 002 004 006
Height [m]
Figure 15- Fuel mole fraction on centreline plane at
X=0.057m
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thefuel concentratiorandvelocitiesvary greatly,andin
the caseof the combustiontests,densitydoesas well.
However, despiteall of thesedifferencesin the fluid
properties,Fig. 15 showsexcellentagreemenbetween
the watertunnel and combustion test flowfields.

o ! \ \
°
2 091 — Air/fuel test
S, 0.8 7:1 - - Water tunnel
©
S 07 /)
Z 06 /N
Sos I
= 0.4 N j \
. N\
8 0.3 ] Ne j \ AN
% 0.2 I \ J \ _ N
g 0.1 l \)_,/ \l'f‘\./ \
5 0
2, \
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Height [m]

Figure 16- Normalized velocity magnitude on centrelin
plane at X=0.057m

Figure 16 shows velocity magnitude
normalizedby the maximumvelocity in the combustor
for the two cases.The centresof the flowfields are
virtually identical,but somedifferencesexisttowardthe
walls of the combustor. The greatestdifferenceoccurs
nearthe top of the combustorwherethe velocitiesare
very low. However, as seen previoudy in Fig. 15, the
effect of this discrepancy is minor. For the contour plot
on the centreline plane in Fig. 17, the fud distributions
arevirtualy identical.

Water tunnel

Air/fuel test -

0.0

Figure 17- Mole fraction of fuel on the centreline plane

CONCLUSIONS

The results from water tunnel experimentsand CFD
modelling providedcredibledatato choosegeometries
and test conditions configurations that could be
expected to perform well in the direct-connect
combustion tests.
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The shapesof the fuel jets correlatewell betweenthe
water tunnel imagesand the CFD modelling for fuel
concentration on the centreline plane.

High inlet velocitieswereassociatedvith good mixing,
but only at high enough air/fuel momentum ratios.

Additional CFD modelling using boundaryconditions
expectedn the combustionexperimentsconfirmedthat
air/fuel momentumratio was a critical parameterto
describethe flowfield in the combustor.The mixing
seenin the water tunnel CFD and experimentscould
therefore be expected the combustiortests,aslong as
the air/fuel momentumratio was the same.Differences
in the velocity field occurredonly wherethe velocities
were low, and had little effect on the fuel distribution.
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ABSTRACT

Under a m-operative program, the Defence
Reseach Establishment Vacartier and Université Laval
in Canada and the TNO Prins Maurits Laboratory in the
Netherlands have studied the use of a ducted rocket for
missle propulsion. Previously, non-reading flow
modelling wsing CFD (Computational Fluid Dynamics)
and water tunrel tests were performed on a wide range
of configurations to identify the geometries and flow
rates necessry for good air/fuel mixing in the ramjet
combustor. Hot-flow dired-conned  combustion
experiments using both simulated and solid fuels have
since been caried out on these same @nfigurations to
measure adual combustor performance Using a PDF
(Probability Density Function) combustion model,
reading flow CFD modelling hes also been done for
ead of these mnfigurations with the goal of being able
to analyze ad predict combustor performance
Agreement between the measured and cdculated
temperature-based efficiencies was good for some
configurations, but the overal tendency was to
overestimate with the CFD. The differences are likely
due to incorredly spedfying the boundary conditions
and inacairades due to how the flowfield, turbulence
and combustion were modell ed.

INTRODUCTION

The Defence Reseach  Establishment
Vacatier (DREV) and Université Laval in Canada and
the TNO Prins Maurits Laboratory (TNO-PML) in the
Netherlands have undertaken a allaborative adivity to
study the use of a ducted rocket for misdle propulsion.
This type of motor has sveral advantages over solid
fuel rocket motors including increassed range, higher
spedl, and throttleability, but only a limited increase in
complexity. Once launched, the ducted rocket missle is
acceerated to supersonic speed with the integrated
rocket booster (Fig. 1). Once the bocster propellant is

* Scientist, Propusion Group, Senior Member AIAA

T Assciate Professor, Medhanicd Engineging

T Propusion Enginee, Rocket Techndogy Group
Copyright © 2000 ly the Department of National Defence,
Canada and TNO Prins Maurits Laboratory, the Netherlands.
Published by the American Institute of Aeronautics and
Astronautics, Inc., with permisson.
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Integrated rocket booster

Gas generator with fuel grain in ramjet combustor

a

Fuel inlet

Air intake v

Port cover

Figure 1 - Ducted rocket misdle

completely burned to leave an empty ramjet combustor,
the port covers that sed the ar intakes from the ramjet
combustor open and, simultaneously, the gas generator
ignites. Fuel-rich exhaust from the gas generator is
mixed with incoming air in the ramjet combustor,
reads, and is accéerated through a nozzle to provide
thrust. This aspea of the overal ducted rocket
propulsion system formed a maor part of this
collaboration, and included performing experiments at
TNO-PML’s dired-conned combustion test fadlity to
determine combustor performance Based on ealier
non-reading flow CFD (Computational Fluid
Dynamics) modelling and water tunnel experiments,
severa simple anfigurations were identified for the
dired-conned experiments. The geometries all had dual
inlets gacal 9C¢° apart circumferentialy since this is a
favoured configuration for air-launched misdles. As
Fig. 2 shows, they also used very long air inlets and
main combustor bodes that would not be pradicd on a
missle motor. However, they fadlitated testing and
determining the boundary conditions for the CFD
modelling. A nozzZe was added a the end of the
combustor for the dired-conned  combustion

Air inlet

"~ Fuel inlet

Figure 2 - Basic geometry
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experiments. A pradica ducted rocket motor has inlets
that hug the side of the cmmbustor and their ends face
diredly forward, as wown in Fig. 1. During flight, the
dual inlets would normally be below the missle & well.

This paper briefly describes the dired-conned
combustion experiments, and then describes the
particulars and the results of the reading flow CFD
modelli ng that was carried out. Estimates of combustor
performance from the CFD modelli ng and experimental
data ae then compared. Reasons for the differences are
given as well an asessment on the use of CFD
modelling to anayze ad predict ducted rocket
combustor performance.

DIRECT-CONNECT COMBUSTION TESTS

All combustion experiments were caried out
at TNO-PML’sindoa dired-conned test fadlity. High
presare dr was heaed by a methane-fuelled vitiator to
produce stagnation conditions at the @mbustor
representative of those downstream of the dr intakes of
an acdual missle flying at supersonic speed. The ducted
rocket hardware (Fig. 3) was based on an inside
diameter of 100mm and was modular so pieces could
be eaily changed to alow for different fuel and air
injedors, combustor lengths, and nozzes. For &l of the
dired-conned experiments in this paper, the combustor
was aways 458mm long from the head to the
beginning of the nozzZle. A 1-m diameter plenum
surrounded the dr injedor and most of the combustor.
It was designed to allow equa ar mass flow rates
throughead of the ams of the dr injedor. Honeycomb
in the entrance of ead of the ams of the injecor
straightened the flow. For the fuel, the hot, readed
exhaust from the gas generator was expanded through a
nozzZle before entering fuel plenum upstream of the

injecor; this meant that the exhaust was not choked in
the fuel injedor before entering the ramjet combustor.
More details on the experiments can be found in
Reference 1.

CED MODELLING

Computational fluid dynamics (CFD) modelling
was caried aut usng a @de known as FLUENT
(Verson 5). A control-volume-based technique is used
within FLUENT to discretize the cnservation equations
for massand momentum, otherwise known as the Navier-
Stokes equations. If required, additional equations for
turbulent transport, spedes, and energy conservation can
be solved. The segregated solver option was used which
means that the governing equations are solved
sequentidly. While FLUENT Verson 5 can wse
unstructured meshes, al geometries were modelled as
predsely as posshle with structured grids of
approximately 50,000 hexahedral cdls (Fig. 4) for half
the domain (symmetricd about the central longitudinal
plane). These were the same meshes creded for
previous CFD modelli ng of the same geometries for the
water tunnel work [Ref. 2]. FLUENT Version 4 was
used for this ealier work and could handle only
structured meshes.

FLUENT allows the user to choose from a
variety of turbulence and combustion models. Flow in a
ducted rocket combustor can be tharaderized as highly
turbulent (Reynolds numbers on the order of 10°). The
Renormalized Group Theory (RNG) turbulence model
was chosen rather than the more mmmon k-£ model;
the RNG model is thought to yield superior results to
the k-e model for the redrculating, swirling, and
separated flow that occurs within a ramjet combustor.
Sincethe fuel and air inlet streams are separate and the

Air supply
Gas generator Air plenum
(solid fuel shown)
Fuel
injector

DN

e

Combust

Fuel plenum

Air injector

7

7

Figure 3 —Dired-conned test hardware
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Figure 4 - Surfacemesh of basic combustor geometry

flowfield highly turbulent, the combustion can be
characterized as a turbulent diffusion flame. If the
chemical reaction time is also much less than the time it
takes for the reactants to mix, the combustion can be
modelled using the PDF (Probability Density Function)
approach [Ref. 3]. For the results presented here, a 3-
shaped PDF acounts for the turbulence-chemistry
interadion. If the assumptions about the combustion
hold, the alvantage of the PDF approad is that only
two additional transport equations have to be solved,
rather than one equation for eat chemicd readionin a
finite-rate chemistry model. These two additional
equations are for the transport of the mixture fradion
and its variance For the results presented in this paper,
at eat paoint in the mmbustor, up to a rich limit, the
reacants are @amed to read thermochemicd
equilibrium. For this asamption to be valid,
temperatures in the cmbustor must be high enough
Another restriction in FLUENT' s implementation of the
PDF approach is that the flowfield is asamed
incompressble. In most of the combustor the Macdh
number is lessthan 0.3, the exceptions being in the ar
and fuel inlets and at the nozzle. Since the flow had to
be assaumed incompressble, the nozze & the end of the
combustor was not modell ed.

Also to ke in mind with the CFD modelli ng
is that FLUENT, using the Reynolds averaged Navier-
Stokes equations, gives a time-averaged output of the
flowfield, whereas the combustor flowfields during the
dired-conned experiments are unsteady and therefore
change continuously with time.

The basdline dimensions for al of the
modelling were a @mbustor diameter of 100mm and a
length of 500mm. Adiabatic walls were sssumed. The
various geometries had dfferent air and fuel inlet
diameters, locations, and injedion angles.

BOUNDARY CONDITIONS

Congtant velocity inlet profiles at the fud inlet
and the beginning of the long air inlet tubes were

asumed, along with a turbulence intensity of 10% and a
turbulence daraderisic length 25% of the inlet
diameters. Vitiated air of approximately 600K entered at
the dr inlets. For al configurations, measured deta from
the dired-conned tests, including presares and
temperatures, were used to cdculate and establish the
boundary conditions as much as possble. Therefore the
measured flow rates for the experimental tests were used
as the flow rates for the CFD modelling for eath
configuration.

Charaderizing the fud inlet boundary
conditions is much more dalengng Several of the
dired-conned combustor experiments used a solid gas
generator fuel based on dycidyl azde poymer (GAP),
and included 10% cabon blad (solid carbon particles).
For the remainder of the tests, however, which formed the
bulk of the experimental program and most of the results
presented here, a partially readed mixture of ethylene and
air was used to simulate the solid fuel exhaust. Its flow
rate was easier to control and it cost much lessto use than
solid fuel. The ratio of ethylene and air was chosen to
give a ompaosition smilar to the solid fuel exhaust.
However, thermochemicd equilibrium, espedally for
these fuel rich conditi ons, may not be gproached and the
results of these cdculations may not be agood estimate of
the exhaust compasition. Table | shows the results of
these caculations from the CET 89 program for the gas
generator fuel decomposing at a dhamber pressure of
6.895 MPa and idedly expanded through a nozze to
ambient conditions (0.1 MPa). Some preliminary work on
experimentally charaderizing the ehaust has been

TABLE I
Calculated gas generator exhaust properties
Chamber NozZe «it, NozZe «it,
condtions equili brium frozen flow
Temp [K] 142448 90312 67642
Vel [m/g] 0 17999 17428
Mole fradionsincluding condensed phase
CH4 0.02962 0.03022 0.02962
CO 0.11527 0.04596 0.11527
CO2 0.00202 0.01977 0.00202
C2H4 0.00002 0 0.00002
C2H6 0.00001 0 0.00001
HCN 0.00013 0 0.00013
H2 0.26933 0.23522 0.26933
H20 0.01067 0.04454 0.01067
NH3 0.00054 0.00011 0.00054
N2 0.18689 0.18726 0.18689
C(GR) 0.3855 0.43692 0.3855
Total 1 1 1
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caried aut for the solid fuel [Ref. 4] and the results
indicate that thermochemicd equili brium may be readed
in the gas generator chamber, but that the cmpasition
remains frozen during expansion. However, to smplify
the modeling and in the &sence of definitive
temperature and spedes measurements of the exhaust, we
have @amed that thermochemicd equilibrium is
maintained from the gas generator chamber and through
expansion to the ramjet combustor presare for the
estimation of the fuel boundary conditions.

With the PDF combustion mode, any
inacasracy in the exad spedes compostion of the gas
generator exhaust should not cause alarge aror in the
energy released by the readions where the assumption of
thermochemicd equilibrium holds in the ramjet
combustor in the leaner, hotter regions. However, close to
the fud inlet, the exad spedes compasition profoundly
influences the physicd properties of the fud stream.
Apart from geometry, the previous CFD modelling and
water tunrel experiments [Ref. 2] showed the importance
of the momentum ratio of the ar and fuel streams on
mixing. A change in the propation of solids and/or the
overall moleaular weight of the gases in the exhaust will
therefore dter this momentum ratio. For example, a small
change in the mole fradion of hydrogen, a gas which may
be present in significant quantities in the exhaust, can
gredly change this momentum ratio since its moleaular
weight is an a order of magnitude lessthan most of the
other gases present.

As Table | shows, solids make up a significant
propation of the fuel stream. Some results are shown
here for particle samples taken from bath ethylene/air and
GAP/IC solid fuel exhausts and analyzed in a Mavern
Mastersizer 200Q Ethylene/air sampling hes initially
produced a wide range of particles from below 0.1
micron to 200 microns (Fig. 5). For the GAP/Carbon
solid fuel, solids colleded from ealier experiments
[Ref. 4] and reanalyzed with this newer Malvern particle
analyze appea to be mainly carbon particles from less
than one micron to 200 microns in diameter, with some
larger particles as well. At the larger sizes, the residence
time of the particles in the ramjet combustor may not be
long enough for the particles to decompose and read.
Modelling the ombustion, if using the PDF approad,
should include two fuel streams, one of gases and the
other of particles. This aso necesstates the use of a
particle model so the time-dependence of energy release
from the reading particles is addressed corredly. Some
preliminary CFD moddling hss diown a strong
dependence of particle size on hea relesse in the
combustor. For the dired-conned experiments that used
ethylene/air as the fuel, however, the smpler singe
strean PDF approach was used. The solid carbon or soat
isasuumed to ad like the gaseous components of the fuel
mixture, and must decompaose ad read instantaneousy
oncein the ramjet combustor in the presence of oxygen.
The ahylenelair experiments have therefore dl been
modelled usingasinge fuel stream.

0.03
Ethylene/Air
0.025 +
= = 'GAP/C Gas Generator
0.02 4
0.015 +

Volume Fraction

0.01
/ |
]
/]
0.005

0.01 0.1 1

10 100 1000

10000

Diameter [microns]

Figure 5 —Graph of particle sizes
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SINGLE FUEL STREAM MODELLING RESULTS

Configurations

Several combustor configurations (Fig. 6) using
three different fuel injectors and three different air
injectors (Table 11) were modelled and tested in the
direct-connect facility. All combustion efficiencies
calculated from the CFD results therefore used mass-
averaged temperatures at the 458-mm cross section. The
F1-18 fuel injector had its fuel port on the side of the
combustor opposite to the air injector arms as shown in
Fig. 6; the F1-18S fuel injector had its port on the same
side asthe arms.

Some of these configurations were modelled and
tested at dome heights of 57 and 100 mm, and at different

air/fuel momentum ratios. The configurations for which
both CFD modelling and direct-connect ethylenefair
experimenta dataare available arelisted in Tablelll. The
average fuel and air inlet velocities and the air/fuel
momentum ratio are calculated from the experimental
pressure and temperature data. Any numbers not listed
are duplicate tests or used solid fuel, except for
configuration 4 that was excluded because of a very low
ethylene temperature.

air injector diameter
air inlet angle,

L

fuel port -

Combustor 100mm

-~

fuel injector 57-100mm (Dome height)

TABLE Il 27mm4u§ 47 — «— 18mm
Air injector geometries J i
Model | Airiniet Air inlet T 2omm
angle diameter FO-27 FO-18 T F1-18
A2 60° 38.1 mm Fuel Injector Types
A4 60° 50.8 mm
AG 90" 50.8 mm Figure 6 - Schematic of combustor and fuel injectors
TABLE |11
Combustor configurations
No| Air Fuel | Dome | Air/fuel | Air/fuel |Combustor Fuel Air
Injector | Injector | Height |Momentum| Mass | Pressure | Velocity | Velocity
mm Ratio Ratio MPa m/s m/s
1 A4 | FO-27 57 2.62 7.79 0.396 415.54 139.97
2 A4 FO-27 57 11.73 15.73 0.403 328.03 244.59
3 A4 | FO-27 57 8.89 13.84 0.875 281.92 181.13
6 A2 F0-27 57 3.90 7.09 0.411 443.33 243.73
7 A2 F0-27 57 19.43 15.76 0.426 311.30 383.64
8 A2 F0-27 57 17.94 14.96 0.944 239.27 286.91
9 A2 F0-27 57 3.52 6.70 0.845 608.81 320.31
11 A4 FO-18 57 4.87 15.36 0.432 709.89 225.25
12| A4 | F1-18 57 4.07 13.96 0.907 599.92 174.88
13| A6 F0-27 57 2.30 7.00 0.44 435.97 142.86
14| A6 F0-27 57 10.80 15.33 0.419 324.26 228.57
15 A6 FO-27 57 5.20 10.66 0.904 358.15 174.78
16| A6 F0-27 57 2.37 7.11 0.8 598.99 200.03
18| A4 | F0-27 | 100 2.13 6.65 0.397 501.02 160.17
19| A4 | FO-27 | 100 10.93 15.35 0.423 317.35 226.12
20| A4 | FO-27 | 100 8.31 13.34 0.882 287.96 179.30
21| A4 | FO-27 | 100 2.76 7.62 0.792 564.41 204.70
28 A4 F1-18 57 4.84 15.32 0.44 692.33 218.53
29 A4 FO-18 57 431 14.30 0.917 577.94 174.10
30 A4 |F1-185| 57 4.29 14.34 0.921 578.52 173.09
5
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Comparison of Two Configurations

A comparison of configurations 1 and 2 shows
how the CFD results cen help explain the combustor
performance results for a change in configuration. Both
configurations use a similar combustor geometry with an
A4 air injedor and a F0-27 fud injedor.

The previous water tunrel experiments and CFD
modelling [Ref. 2] showed that while the exad flow
patterns could vary grealy with ead configuration,
particularly with air/fuel momentum ratio, two besic flow
fedures appeaed to be @mmon. The first is a
redrculation zone from the ar inlet sedion into the dome
region. Its exad shape was dependent on the relative
strength of the fud jet. In Fig. 7, which compares mean
mixture fradion, configuation 1 has an air/fue
momentum ratio of 2.62. Since the fuel momentum is
relatively high, only part of the fuel jet, entering the
combustor from the left, turns badk into the dome region.
However, in configuration 2, the dr/fuel momentum ratio
is11.73 so0 the redrculation is much stronger; most of the
fuel redrculates and has more oppatunity to mix with the
air. While Fig. 7 seans to show better mixing with
configuration 1, thisis only on the centreline plane. This
can be seen in Fig. 8 which shows an isometric view of
several crosssedions of the combustor, spaced at
100mm intervals, from the heal at the lower |&ft to the
end o the combustor at the upper right. Toward the
nozze end, configuration 2 has hotter crosssedions than
configuration 1. Evidence of the secwond besic flow
structure, which is a par of longtudind vortices
structures that are a ontinuation of the high-speed flow
from the ar inlets, can be seen in the temperature field
nea the mbustor wall towards the nozZe for

1.0
0.8
06
04

| 0.2

I0.0

Configuration 2

configuration 2. These structures carry the mixture from
the head end outward to the walls. Because of the higher
fuel momentum in configuration 1, this does not ocaur.
The greder redrculation of the fud in the head end o
configuration 2 therefore results in higher temperatures
and efficiency in the @mbustor than for configuration 1.

Parametric Study

With configuration 1 as a basdine, several of
the parameters that could be aljusted for the modelling
were examined for their impad on the caculated
combustion efficiency. The basdine parameters and
models for the CFD cdculations, also used for dl the
subsequent cdculations to be shown later, used the same
turbulence ad combustion models and baundary
conditions as previoudy described. The grid used 56688
cdls and adiabatic walls were assumed. Figure 9 shows
the cdculated efficiencies based on combustor
temperature rise & various crosssedions for the baseline
CFD mode for configuation 1 and for different
turbulence parameters, models, and a doubled grid. As
seen, doubling the turbulence length scde has a very
smal effed on cdculated efficiency. Doubling the
resolution of the grid in ead diredion so that there ae
eight times the number of cdls will give an indication of
the grid dependency of the solution. As sen, the finer
grid reduces numericd diffusion, which hes the same
effed as reducing the mixing and therefore the dficiency
by about 2% at the 458 mm crosssedion. Going to a
semnd oder discretization scheme for the ejuations
rather than the basdline first order scheme has a
somewhat greder effed that depends on position in the
combustor. The use of the k-€ turbulence model, not the

Figure 7 —Effed of momentum ratio on mean mixture fradion distribution, centreline plane,
configurations 1 and 2
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Figure 8 —Effed of momentum ratio on temperature distribution, configurations 1 and 2
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Figure 9 —Effed of turbulence parameters and models, grid, and discretizaion

best choice for this type of flow, increases the caculated
efficiency by 6-7%. The Reynolds Stress Moddl (RSM)
for turbulence has a much smaller impad on cdculated
efficiency, being only 2% at the 458 mm crosssedion,
but this model, like the RNG mode, is better for thistype

of flow than the k-¢ model. However, the largest effed
comes from the turbulence intensity, and changing it to
1% or 20% from basgine 10% changes cdculated
combustion efficiency for this configuration up to 10%.

7
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Figure 10 —Effea of temperature-dependent properties, isothermal wall's, and changesin fuel temperature,
ethylene massflow rate, and air massflow rate

Figure 10 shows the dfed of using temperature-
dependent fluid transport properties rather than constant
values, the dfed of using isothermal rather than adiabatic
walls, and the dfed of having a 10% change in fue
temperature, ethylene mass flow rate, or air mass flow
rate. Since nitrogen is the predominate spedes in the
combustor, the basdline modd used constant values of
1.789410° kg/ms for viscosity and 0.0241W/mK for
thermal conductivity (nitrogen a 300K). The use of
temperature-dependent poynomials for viscosty and
thermal conductivity rather than these cnstant values had
little dfed, primarily becaise the anditions that render
the situation suitable for modelli ng the combustion with a
PDF approach also imply that these transport properties
have littl e influence over the mixing. Next, the walls of
the combustor were ssumed to be isothermal at the same
temperature & the incoming air a 600K (a good
asumption for most of the combustor which was inside
the plenum chamber). Allowing for this hea transfer from
the flow only lowered cdculated combustion efficiency
by 2%. A smilar 2% drop in combustion efficiency
resulted from asauiming a 10% drop in temperature of the
fuel jet, which increases its density and deaeases its
velocity. Deaeasing air mass flow rate dso dropped
combustion efficiency 2% a 458 mm, but lowering
ethylene massflow rate by 10% increased efficiency by a

8

2%. Also shown on the graph are the 1% and 20%
turbulence intensity efficiencies, showing that turbulence
intensity had a greder effed on the CFD results than any
of the other parameters considered. Therefore properly
charaderizing the inlet turbulence intensities is a priority
for improving the acarracy of the CFD modelli ng.

Comparison with Experiments

The dired-conned experiments for all
configurations listed in Table Il were reduced using the
methods recommended by AGARD [Ref. 5]. Theoreticd
temperatures and charaderistic velocities (c*) were
cdculated from datic pressure measurements in the
combustor and the CET89 thermochemica equili brium
combustion code. As previoudy mentioned, efficiencies
based on temperature rise in the wmbustor were chosen
to compare with the cdculated CFD efficiencies from
massaveraged temperatures at the 458 mm crosssedion,
or at the beginning of the nozZe in the experimental
combustor.

Figure 11 presents the results, and severa of the
configurations dow very good agreament. However, for
some of the combustors that have higher experimental
efficiencies, the basdine CFD modd for these
configurations overestimates the temperatures and

American Institute of Aeronautics and Astronautics
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Figure 11 — Comparison of efficiencies based on temperature rise
between CFD modelling and dired-conned experiments

therefore the dficiencies. As en from Figs. 9 and 10
though, overestimating the turbulence intensity could
cetainly acount for some of the difference

More evidencethat the turbulence intensity may
have been overestimated comes from the results for
configurations 2 and 19 They are geometricdly identicd
except that configuration 19 uses alonger dome height of
100 mm. Since a longer dome height enlarges the
redrculation zone to improve the ar/fud mixing, a
significant increase in efficiency was expeded and was
indeed seen in the experimenta results. However, no such
increase in efficiency is e in the CFD results (Fig. 12).
By redoing the CFD modelling for ead configuration,
but this time spedfying inlet boundary conditions of 1%
turbulence intensity rather than 10%, a dea differencein
combustion efficiency results from an increase in dome
height. This is because, at 10% turbulence intensity, the
length of the redrculation zone for the shorter dome
height is already sufficient for good air/fuel mixing and
increasing the dome height provides no additional benefit.
At 1% turbulence intensity, however, the benefit of
increased dame height and a stronger redrculation zoneis
ohvious with a significant increase in efficiency for the
CFD results. The use of a lower turbulence intensity
would also improve the agreement between the CFD and
the experiments for these two configurations (Fig. 11).

9

Apart from turbulence intensty and aher
approximations and assumptions for the basdine CFD
mode aready mentioned, other fadors could also explain
some of the difference between the CFD and
experimenta results. For the dired-conned tedts, the
uncertainty is estimated to be +/-5%, which is comparable
to that estimated for temperature-based combustion
efficiency in Refs. 5 and 6 for the AGARD method.
Another important approximation in the modelli ng is that
the CFD modelling gves atime-averaged output of the
flowfield, whereas the flowfield in the experimental
combustor is unsteady which results in presare
oscill ations that are not considered in the model.

An important  observation from the
experimental results suppats the aaumption that
mixing essentially controls the cmbustion and can
judtifiably be modelled with the PDF approac.
Configurations6 and 9, 7 and 8, 11 and 29 and 13and
16 are pairs having identicd geometries, similar
momentum ratios, but one has a mwmbustor presaure of
approximately twice the other. If the combustion were
kineticdly controlled rather than mixing controlled,
doubling the @mbustor pressure would result in a
significant increase in readion rate and therefore
combustion efficiency. The dewmmpaosition of solid
particles, if diffusion or kineticaly controlled, will show

American Institute of Aeronautics and Astronautics
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Figure 12 —Effead of turbulenceintensity on configurations 2 and 19

presaure-dependency, but since solids account for only
25% (by masg of the fuel, any dependence of efficiency
on presaure should be overwhelmed by the increased
readion rate of the gases. In any case, significant
differences in efficiency are not seen in the
experimental resultsin Fig. 11.

Within the uncertainties and approximations
mentioned above, the baseline CFD model can predict
combustor  efficiency. However, performance
parameters of a ramjet-powered vehicle, such as
cruising speed and range, are quite sensitive to the value
asuumed for combustion efficiency. Much effort should
therefore be direded not only to acairately establishing
the boundary conditions, particularly turbulence
intensity, but also to reducing the uncertainty on the
dired-conned experiments. Properly charaderizing the
gas generator exhaust, aso criticd to properly
establi shing the boundary conditions, should aso be a
priority.

TWO FUEL STREAM MODELLING RESULTS

As previoudy mentioned, to properly trea the
decomposition of solids present in the fuel, modelli ng of
the combustor should be done with atwo fuel stream PDF
approach. Some preliminary results are presented here to
show the dfed of carbon particle size on the temperature

10

rise in the combustor. The anfiguration that was
modelled used an A2 air injedor with an FO-27 fue
injedor and an air/fuel momentum ratio of 6.4. The gases
in the gas generator exhaust were modell ed as the primary
fuel stream, and solid sphericd particles of carbon as the
semnd fuel stream. Both streams had the same initial
temperature and velocity. The cabon particles make up
about 25% of the entire fuel by mass The decompasition
of the particles is modelled as depending on the rate of
oxygen diffusion to the surface The product of the
decompodtion released as a gas from the particles is
cabon monoxide. The cdculation of the particle
trgjedories and decompasiti on was coupled with the flow
of the gases.

As down in Fig. 13, moddling the fuel as a
singe stream gives smilar results to modelling it with a
stream of gases and a separate stream of 1-micron carbon
particles. The only significant differences are a smaller
high temperature region and a larger moderate
temperature region at the upper aft region of the
combustor, which is due to the particles releasing their
energy gradualy. However, the fuel strean nodel with
100-micron particles siows no high temperature region at
the &t end of the combustor because the residence time of
this sze particle is not long enough for it to decompose
before eiting the combustor.
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Figure 13 —Effed of fuedl stream type on combustor temperature distribution, centreline plane

CONCLUSIONS

Efficiencies based on temperature rise cdculated from
the CFD results tend to be higher than those measured
inthe ghylene/air dired-conned experiments.

Charaderizing the inlet boundary conditions properly,
particularly the turbulence intensity and the fuel inlet
spedes compasitions and properties, would increase the
acarracy of the CFD modelli ng the most.

The singe fuel strean PDF model produced good
results for the dahylene/air experiments. However,
acarracy may be improved with a two fuel stream PDF
and a suitable particle model.

For this program, the use of CFD modelling has helped
analyze differences in combustor performance for the
various configurations. Within the acaracy detailed in
this paper, the baseline CFD model can predict ducted
rocket combustor performance
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ABSTRACT

Under a m-operative program, the Defence
Reseach Establishment Vacartier and Université Laval
in Canada and the TNO Prins Maurits Laboratory in the
Netherlands have studied the use of a ducted rocket for
missle propulsion. Hot-flow dired-conned combustion
experiments using both simulated and solid fuels have
been caried out on a wide range of configurations to
identify the geometries and flow rates necessary for
good combustor performance The experiments using a
simulated ducted rocket fuel, a reated mixture of
ethylene and air, have dl been modelled using reading
flow Computational Fluid Dynamics (CFD) with the
goa of being able to analyze and predict combustor
performance The mbustion was modelled with
onestrean and twostrean PDF (Probability Density
Function) models. With the onestream model, all of the
fuel components, both gaseous and solid carbon, were
injeded together and were a&umed to read
instantaneously in the presence of the oxidizer. Because
of this, the onestrean model overpredicted the
combustion efficiency with resped to the experimental
results for most of the wmbustor configurations
examined. With the twostream model, however, the fuel
stream was separated into gaseous and solid carbon
components, with the cabon injeded as a series of
75nm particles. These particles decompaose gradually
into carbon monoxide gas, based on a model using both
the kinetics of the surfacereadions and the diffusion of
oxygen to the surfaceof the particles. For the mgjority
of the configurations, better predictions of combustion
efficiency were obtained with the twostrean approach
when compared to the experimental results than for the
onestream PDF model.
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INTRODUCTION

The Defence Reseach  Establishment
Valcatier (DREV) and Université Laval in Canada and
the TNO Prins Maurits Laboratory (TNO-PML) in the
Netherlands have ollaborated to study the use of a
solid fuel ducted rocket for missle propulsion. This
type of motor has sveral advantages over solid fuel
rocket motors including increased range, higher sped,
and throttleability with only a limited incresse in
complexity. Once launched, the ducted rocket missleis
accderated to supersonic speed with the integrated
rocket bocster (Fig. 1). When the rocket propellant is
completely burned at the end of the boost phase, the
port covers that sed the dr intakes from the ramjet
combustor open and, simultaneously, the gas generator
ignites. The dfluent from the decomposition of the
solid fuel in the gas generator is what ads as fuel for the
ramjet phase of the flight. It includes gases and a
substantial propartion of condensed phase material such
as lid cabon. It isinjeded throughthe fuel inlet into
the ramjet combustor where it is mixed with incoming
air, reads, and is acceerated through a nozzle to
provide thrust.

Gas generator
with fuel grain

Integrated rocket booster
in ramjet combustor

Air intake —" Fuel inlet

Port cover
Figure 1 - Ducted rocket missle

A magjor focus of thiswork has been the ramjet
combustor and to date has included water tunrel
visualizaion, dired-conned combustion experiments,

and CFD moddling of the non-reading flow. -2

Reading flow CFD modelling3 has also been caried
out with a onestream PDF model in which the gas
generator exhaust, including gases and solid carbon,
was injeded into the @mbustor as a singe
homogeneous drean and asaumed to read
instantaneously with any oxidizer present. This
approach, unfortunately, tended to overestimate the
combustion efficiency when compared to the dired-
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conned experiments. To improve these predictions, a
twostream PDF model was used with the gases and the
solid carbon injeded as two separate fuel streams. The
solid stream was assumed to consist of 75-nm diameter
cabon spheres which gadualy decmpaosed into
cabon monoxide, controlled mainly by surface
oxidation, as they flowed through the cmbustor. The
emphasis of this paper is therefore on the twostream
PDF modelling methoddogy, and will be presented
after descriptions of the combustor configurations and
the dired-conned experiments. Results of the modelling
will not only be compared with the experiments but also
with the ealier onestream PDF modelli ng results.

COMBUSTOR CONFIGURATIONS

The basic geometry (Fig. 2) has dua inlets
spacal 90 apart circumferentially, with the main body
of the cmbustor being 100mm in diameter. The long
air inlets would not be pradicd on a misdle, but they
were cosen spedficdly to fadlitate testing and the
charaderizaion of the boundary conditions. For the
dired-conned experiments the combustor was 458 mm
long, any cdculated efficiencies reported from the
reading flow CFD modelling was done for this
combustor length. A converging/diverging rozzde was
mournted at the end of the combustor only for the dired-
conned tests; it was not modell ed.

Air inlet

TTTFuel inlet
Figure 2 - Basic geometry

A schematic of the combustor configurations,
including the fuel injedor geometries, is $iown in Fig. 3.
The F1-18S fuel injedor is smilar to the F1-18 fuel
injecor except that it had its port on the same side &
the dr inlets rather than oppdsite to them. The basic
geometries of the dr injedors are presented in Table I1.
Two dfferent dome heights as defined in Fig. 3, 57 and
100mm, were used.

DIRECT-CONNECT COMBUSTION TESTS

Tablelll presents the geometries, as well as
combustor presaure and charaderistics of the ar and fuel
flows, of al the cnfigurations that were tested in the
dired-conned fadlity and for which the CFD combustion

2

air injector diameter
air inlet angle,

)

fuel port -

Combustor 100mm

fuel injector 57-100mm (Dome height)

27TMmm —s  «— — = 18mm

4

FO-27 FO-18 F1-18
Fuel Injector Types

/. 20mm

Figure 3 - Schematic of combustor and fuel injedors

TABLE Il
Air injedor geometries
Model Airinlet ange | Air injedor diameter
A2 60° 381 mm
Ad 60° 50.8 mm
A6 o 50.8 mm

modelli ng was done. Apart from geometry, the previous
water tunrel experiments and CFD modelli ng showed
the importance of the momentum ratio of the ar and
fuel streams on the flowfield and the mixing; this key
parameter is also listed.

All of the mbustion experiments were
caried out at TNO-PML’s dired-conned test fadlity.
High-presaure dr was heaed by a methane-fuelled
vitiator to produce stagnation conditions at the
combustor representative of those downstream from the
air intakes of an adual missle flying at Mach 2.5 and
6000m dtitude (0.5MPa ad 60X). Additiona
oxygen was injeded at the vitiator to replacethat used
for the combustion of the methane. A plenum of 0.5-m
internal  diameter surrounded the dr injedor to
distribute the dr as evenly as possble through ead of
its aims (Fig. 4). This arrangement was chosen to
fadlit ate the changing of the ar and fuel injedors and
the nozzle a the end of the cmbustor.

For the solid fuel in the gas generator, a
formulation of 90% by mass glycidyl azde polymer
(GAP) and 10% cabon was gedfied and developed.
Some dired-conned tests were caried out with this
solid fuel, but its massflow rate proved to be difficult to
control and charaderize to a sufficient degree of
acaragy for these purposes. In the crred propartions,
however, the cdculated equili brium exhaust properties
of an ethylene/air mixture can be dose to those of the

GAP/Carbon solid fuel .4 Since the mass flow rates of
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the ahylene and the dr were ntrolled and measured  could be etimated with more cnfidence All of the
in the same way as the vitiator gases, the boundary  results presented here therefore use the dhylene/air
conditions of the dfluent injeded throughthe fuel inlet  mixture & the fuel.

TABLE 1l
Combustor configurations
No | Air Fuel | Dome | Air/fuel | Air/fuel |Combustor Fuel Air
Injedor |Injedor | Height |Momentum| Mass | Presaure | Velocity | Velocity

mm Ratio Ratio MPa m/s nm/s
1| A4 | FO-27| 57 2.62 7.79 0.396 416 140
2 A4 FO-27 57 11.73 15.73 0.403 328 245
3| A4 | FO-27| 57 8.89 1384 0.875 282 181
6 A2 FO-27 57 3.90 7.09 0411 443 244
7| A2 | FO-27| 57 1943 15.76 0.426 311 384
8 | A2 | F0-27| 57 17.94 14.96 0.944 239 287
9| A2 | FO27| 57 3.52 6.70 0.845 609 320
11| A4 FO-18 57 4.87 15.36 0.432 710 225
12| A4 F1-18 57 4.07 13.96 0.907 600 175
13| A6 | FO-27| 57 2.30 7.00 0.44 436 143
14| A6 | FO-27| 57 10.80 15.33 0.419 324 229
15| A6 | FO-27| 57 5.20 10.66 0.904 358 175
16| A6 FO-27 57 2.37 7.11 0.8 599 200
18| A4 | F0-27 | 100 2.13 6.65 0.397 501 160
19| A4 | F0-27 | 100 1093 15.35 0.423 317 226
20| A4 | FO-27| 100 8.31 1334 0.882 288 179
21| A4 | FO-27| 100 2.76 7.62 0.792 564 205
28| A4 F1-18 57 4.84 15.32 0.44 692 219
29| A4 FO-18 57 442 1454 0.917 568 173
30| A4 |F1-185| 57 4.29 14.34 0.921 579 173

Air supply
N N §
Air plenum

Secondary
Gas generator CoH4

Fuel
\ injector =z

I\

C2H4 —»
] / Combustor

Air —»

V77

Fuel plenum

1 Air injector

Figure 4 —Dired-conned test hardware
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However, while an actual solid fuel must
decompose by itself inside the gas generator once
ignited, the mixture of ethylene and air is much too rich
to react at the conditions present. About 10% of the
ethylene is therefore injected into the head of the gas
generator where it reacts with the air in a combustible
mixture, and the remainder is injected into the transition
assembly where it can react with the hot exhaust from
the gas generator. The main assumption here, of critical
importance to the reacting flow CFD modelling, is that
conditions are appropriate to alow the mixture to
approach thermochemical equilibrium before being
injected into the combustor. Another important point for
the CFD modelling is that flow of the reacted
ethylene/air mixture is not choked in the fuel inlet
before entering the ramjet combustor; the fuel plenum
pressure is only dlightly higher than the combustor. As
to be explained later, this means that the flow can be
approximated as being incompressible.

CED MODELLING

CFD modelling was carried out using a code
known as FLUENT (Version 5). A control-volume-based
technique is used within FLUENT to discretize the
conservation equations for mass and momentum,
otherwise known as the Navier-Stokes equations. If
required, additional eguations for turbulence, species,
energy, radiation, and particle tracking can be solved. The
segregated solver option was used which means that the
governing equations are solved sequentidly. All
geometries were modelled as precisely as possible with
structured grids of approximately 50,000 hexahedral
cells (Fig. 5) for half the domain (symmetrical about the
central longitudinal plane).

Figure 5 - Surfacemesh of basic combustor geometry

Flow in a ducted rocket combustor can be
characterized as highly turbulent (Reynolds numbers on
the order of 106). The Renormalized Group Theory
(RNG) model was chosen to model the turbulence since it
gives better results than the k-¢ mode for the
recirculating, swirling, and separated flow that occurs

4

within a ramjet combustor. An equilibrium-chemistry
Probability Density Function approach5 was chosen to
model the reacting flow in the ducted rocket combustor. It
is well suited for problems where the fuel and oxidizer
inlet streams are separate and the combugtion is
controlled by turbulent mixing rather than the kinetics of
the chemical reactions. With the use of B-shaped PDF's,
properties of the readed mixture aywhere in the
combustor can be determined by solving two additi onal
trangport equations for the mixture fradion and its
variance for ead fuel stream. For this approach to give
good results, temperatures in the cmombustor must be high
enoughso that the charaderistic chemicd readion timeis
short compared to the dharaderistic mixing time; this is
also necessary for the equili brium chemistry assumption
to bevalid.

A restriction in FLUENT's implementation of
the PDF approach in Version 5 is that the flowfield must
be modelled as being incompressble. This is a good
assumption in most of the cmbustor since the Mach
number is less than 0.3 amost everywhere. There ae
exceptions, though One is the nozZe; it has intentionally
not been modelled. The other exceptions are in the air
and fuel inlets where the cdculated flow velociti es exceel
the Mach 0.3 limit for some of the anfigurations.

However Spalding6 states that even flow velocities of up
to Mad 0.8 neal not be reproduced exadly between a
model and a prototype combustor. This implies that the
flow in the inlets can be treaed as incompressble & long
as this higher limit is respeded (it has been exceeaded
dightly in only a couple of instances for the unchoked
flow in the fuel inlets).

BOUNDARY CONDITIONS

As previoudy indicaed, the dired-conned
hardware axd experiments were intentionally set up in
such a way to fadlitate the daraderization of the
boundary conditions for the CFD modelling. For the ar
inlets, the tubes were lengthened as much as possble
within the dr plenum and honeycomb installed to
straighten the flow and produce auniform velocity profile
a the oombustor. Mean velocities at the entrance to the
air inlet tubes were cdculated from the measured viti ated
ar mass flow rate ad compostion, air plenum
temperature, and combustor pressure during the dired-
conned experiments. While most ramjets with side-
mourted inlets have arved inlet ducts, the velocity
profil es downstream from these arves depend heavily on
the exad geometry. Laser Dopder Veocimetry (LDV)
measurements of flow within a plexiglass modd of a
curved inlet duct7, also supplied with air from a large
chamber, showed a uniform velocity profile uniform in
the lengthy (370mm) horizontal portion of the duct
upstream of the airve, but non-uniform downstream from
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it. A CFD study of a ducted rocket combustor that
indluded a arved inlet diffuser predicted a uniform
velocity profile downstream from the normal shock but
upstream of the aurve in the duct, and non-uniformity
downstrean from it. Therefore, since the ar inlet tubes
are gtraight, the desired uniform velocity profiles can be
expeded throughout, so this sould be agood assumption
at the dr inlet entrances for the CFD modelli ng.

Becaise the ar from the vitiator arrives at the
air plenum in a smal-diameter pipe and is suddenly
dumped, its turbulence level is likely high. Since no
measurements of the turbulence taraderistics of the ar
entering the inlets could be made, estimates of a
turbulence intensty of 10% and a turbulence
charaderigtic length of 25% of the ar inlet tube diameter
were made for the CFD moddlli ng.

Charaderizing the fud inlet boundary
conditions is much more dhalenging. Asfor the ar inlets,
a mnstant velocity profile & the fuel inlet was assumed,
along with a turbulence intensity of 10% and a turbulence
charaderigtic length 25% of the fuel inlet diameter. For
all configurations, measured data from the dired-conned
tests, including presaures and temperatures, were used to
cdculate the measured flow rates and mixture ratio for
the dhylene ad vitiated ar. TablelV shows the
equili brium exhaust compostions, cdculated with the
CET89 thermochemicd equili brium code,9 of an
ethylenefair mixture (1.3823air/fuel ratio) expanded from
a damber presare of 1.175MPa to the ramjet
combustor presaure of 0.5 MPa. The aiticd assimption
is that thermochemica equili brium is readed in the fuel

TABLE IV
Calculated gas generator exhaust properties
Oxidizer/fuel ratio 1.3823

Gas generator | Fuel plenum

chamber conditions,

conditions equilibrium

Pressure [MPe] 1.175 0.5
Temp [K] 1274.33 1132.07
Mass fraction AR 0.00829 0.00828
Mass fraction CH4 0.02354 0.02786
Mass fraction CO 0.24107 0.21598
Mass fraction CO2 0.00519 0.01329
Mass fraction HCN 0.00008 0.00002
Mass fraction H2 0.05421 0.05208
Mass fraction H20 0.01095 0.02043
Mass fraction NH3 0.00029 0.00022
Mass fraction N2 0.41620 0.41628
Mass fraction C(GR) 0.24020 0.24555
Total 1 1

plenum. The best way to validate this assimption is to
diredly sample the gases within the fuel plenum and
analyze them with gas chromatography, but unfortunately
atempts to do this have not yet been successul.
However, exhaust temperature measurements made on

small GAP/Carbon solid fuel gas generaitors10 suggested
that thermochemicd equili brium being readed in the gas
generator chamber was a good pashility. If the
GAP/Carbon fud is likely in thermochemicd equili brium
within its gas generator, so should be the more readive
ethylene/air mixture. Furthermore, although the sampling
and charaderizaion of the gases was not succesgul for
the ehylene/air mixture, there was a significent amount of
solid carbon observed, as predicted by CET89. This slid
carbon was in the form of soat particles, and its presence
suppats the asaumption that equilibrium has been
readed in the fuel plenum.

TWO PHASE FLOW
For the combustion modelli ng results previousy

reported,3 the boundary conditions for ead experiment
were used to generate singe fuel strean PDF data. This
means that al of the fuel, including bath the gaseous and
solid phases, was injeded into the mmbustor as a singe
homogeneous gdrean. The solid cabon was therefore
assumed to read instantaneoudly, as were the gases, once
there was any oxidizer present. While a few of the
cdculated temperature-based combustion efficiencies
with the “onestream” PDF were in agreement with the
experimental results, most of them were higher. However,
brilli ant orange-yell ow exhaust plumes, alikely indication
of soot particles and incomplete @mbustion, were
observed for some of the dired-conned experiments.
This indicates that the soat particles were too large to be
assumed to read instantaneoudly, and this can explain the
overestimation of the cmbustion efficiencies. Therefore,

by using atwo fuel strean PDF approam,5 with separate
gaseous and solid phase streams, along with a modd to
describe the flow paths and decompaosition of the solid
cabon soat, improvements to the etimates of the
cdculated combustion efficiencies were possble.

The first step to develop amode to describe the
motion and decompasition of the particles was to colled
and measure some of the solid material during an acual
dired-conned combustion experiment. This was
acomplished by trapping some of the materia from the
fuel plenum in an inline filter. This material was then
dispersed in some ahanol using an utrasonic bath and
analyzed in a Mavern Mastersizer 200Q The resulting
size digtribution, which assumes that the particles are
sphericd, is $rown in Fig. 6. A wide range of particlesis
indicated, from below 0.1 to above 200 pm.

Soot from typical hydrocarborn/air combustion
consists of minute carbon spheres usually less than 60 nm
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Figure 6 —Particle size distribution, ethylene/air soot

in diameter. These spheres are grouped together as much
larger aggomerates that can be & large & sverd
microns ! A scanni ng eledron microscope (SEM) image
of the soat colleded from the fuel plenum of the readed
ethylenefair mixture is presented in Fig. 7. It shows that
the majority of the particles present are compased o
spheres of about 75nm in diameter, close to that usualy
reported for soot from typicd hydrocarbon flames.

Figure 7 —SEM picture of the éhylene/air soot

While the trgedories of the particles are
closely related to their mass and overal dimensions,
their decomposition is a function of their total surface
area &posed to the oxidizer. This total surface aeais
related more to the number and diameter of the minute
spheres that make up ead soat particle rather than the
overall sizeof the particle. To determine the sensitivity
of the size of the particles on their trgedories,
twostream PDF modelling (with the particle model
described below) for configuration 1 was carried out for
a wide range of particle sizes. The trgjedories of the

6

particles injeded from the fuel inlet hole were
cdculated using a Lagrangian reference frame® and
stochastic particle tracking so that the dfeds of
turbulent fluctuations from the flowfield were included.
The mntinuous phase flowfield and dispersed (solid)
phase cdculations were coupled, meaning that not only
did the flowfield affed ead particle's trgedory and
decmposition, but ead particle muld aso affed the
flowfield.

The results for the trgjedories of these various
particle sizes and how much they decompose ae shown
in Fig. 8. In the side views of the trgedories, the
particles from 1 nm to 1 um diameter appea to fill the
bottom haf of the combustor and abruptly change
diredion when defleded by the incoming air jets. The
10 and 100pm particles, however, do not seem to
follow the flow as faithfully and take much straighter
trgjedories toward the end of the combustor. The
isometric views sow that the ensembles of trgjedories
for particles gnaler than 10um are similar. The
particle trajedories are aloured by particle density that
changes as the particles decompose, and it can be seen
that the smaller the particle is, the faster it decomposes.
In fad, for the 1-nm particles, about half decmpose
completely before reading the end of the combustor.
About 10-20% of the 10 nm particles and lessthan 5%
of the 75 nm particles decompase wmpletely before the
end of the combustor. For particle diameters of 1 um
and above, al of the particles leave the @mbustor
before they decompose mmpletely.

Theresults from Fig. 8 therefore imply that the
al of the particles can be modelled as 75 nm spheres
with little consequence on their average tragjedories,
particularly for those from 1nm to over 1pum in
diameter. This is probably valid for the larger particles
as well. Figure 6 shows the eistence of many particles
with overall diameters of 10 wm and larger, but Fig. 7
shows that they must be made up of agglomerates of
much smaller spheres. Their agrodynamic drag would
therefore be much higher than spheres of equivalent
overall diameter, so then particles of even severa
microns in diameter could be expeded to follow the
flow as well asthe 1 wm diameter and smaller particles.
Furthermore, because they are ggglomerates, they likely
brea up aswell.

A kineticg/diffusion model in FLUENT® was
used to describe the demmposition of the cabon
particles. The dange in mass of the particles is
described by:

dmp

dt

RTm, RR,
Mo R +R,

_ 2P
——ndp
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Figure 8 —Particle trajedory versus diameter, side and isometric views, coloured by particle density

where my, is the mass of the particle and dp is its
diameter, p and T are the density and temperature of the
surrounding ¢gs, R is the Universal Gas Constant, mg
and Mg are the massfradion and the moleaular mass of
the oxidant in the surrounding ggs nea the particles,
and Ry and Ry are the diffusion controlled and the
surface kinetics controlled rates respedively. The

diffusion controlled decomposition rate is derived from
an expresdon for pulverized coal particles over a wide
range of temperatures where the particles give off

carbon monoxide rather than carbon dioxide:12

)l
d p

Ri=C

American Institute of Aeronautics and Astronautics



where Cy is 4993868102 kg/(m-s-Pa-KO'75), and Tp
and T, are the temperatures of the particle and the
surrounding ges. The kinetics of the surface readion
come from an approximati on™> to the Nagel-Strickland-

Constable formula for soot oxidation™” at temperatures
below approximately 200K :

Ry, =C, expl- E/RT))

where C, is 1.11531X10° kg/(m’sPa) and E is the
adivation energy, 1.42537X10° Jkg-mol, of the surface
readion. As the particle gets very small, the diffusiona
rate R; bemmes very large, and the decompasition of
the particles becomes controlled by the surfacereadion
rate. For particles of 75nm diameter, the
decompasition is essentialy controlled by the surface
readion rate.

An important fedure of the particle
decomposition modd is that rather than having eath
particle deaease in diameter as its mass deaeases, the
diameter remains the same while the density deaeases.
The particle therefore bemmes more porous. Also,
approximately 500 articles had to be injeded every 10
flowfield iterations to attain a "quas-steady" state and
convergence dter several hurdred iterations. (For clarity,
Fig. 8 showsthe paths of only 30 d these particles.)

RESULTS

The purpose of the twostrean PDF model was
to more accrately model the distribution and
decomposition of the solid carbon in the gas generator

2500K
! 2300K

exhaust and hopefully reduce the overprediction of the
temperatures that occurred with the onestream model.
The success of this approach will be shown later. An
example of how the twostrean model can change the
distribution of temperature in the combustor is $iown in
Fig. 9. In configuration 1, the twostrean model shows a
less intense, but more diffuse release of energy on the
centreline plane right nea the head end of the cmbustor.
Further downstream, however, the temperatures are
higher for the twostream model in the lower half of the
combustor than for the onestream nodel.

To show the improvement of the twostream
model over the onestream nmodel in predicting combustor
performance, the results were wmpared with the results
from the dired-conned experiments for al configurations
lised in Table Ill. The dosen measure to express
combustor performance is the dficiency based on
temperature rise in the cmbustor:

Tt4,exp T2
Ttatheo ~ Tt2

For the dired-conned experiments, the mbustion
efficiency was estimated using the methods recommended

by AGARD.'® Tr isthe ar inlet stagnation temperature,
and Ty exp is the stagnation temperature & the end of the
combustor. Tyeqp IS determined from datic pressure
measurements in the @mbustor and cdculations of

theoreticd temperatures and charaderistic vel ocities from
the CET89 thermochemicd equilibrium combustion

2100K

1900K '

L7008 Onestream PDF
= 1500K

l13OOK
1100K

Twostream PD

900K

I7OOK
500K

Figure 9 — Temperature distribution on the centreline plane for onestream and twostream PDF models,
configuration 1
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code. For the CFD results, Tigexp is the massaveraged
stagnation temperature & the 458 mm crosssedion of the
combustor to correspond with the length of the combustor
for the dired-conned experiments. For baoth the dired-
conred and CFD results, Titheo iS cdculated from
CET89 using the tatic presaure in the combustor, the
nozze entrance-to-throat arearatio and the compositions,
temperatures, and massflow rates of the vitiated air and
gas generator exhaust as inputs. The average uncertainty
for the dired-conned tests is estimated to be +/-13% of
the value given for the combustion efficiency.

Figure 10 shows the cdculated temperature-
based combustion efficiency results for the experiments
and the onestrean and twostream PDF models. Under
caeful scrutiny, the onestream PDF model can be seen
to overpredict combustion efficiency for several of the
configurations, as previously reported.3 However, the
twostrean PDF model improves the prediction of
combustion efficiency for most of the @nfigurations. In
fad, the average diff erence between the twostream and
experimental results is 16%, or nealy the same & the
experimental uncertainty, while it is 27% between the
onestream and experimental results. Furthermore, with
the twostream model exadly half of the configurations
are overpredicted and the remainder underpredicted,

rather than being consistently overpredicted as with the
onestream model.

While the twostrean PDF model improves the
agreament between the experiments and the predictions
sgnificantly over the onestrean PDF model, there ae
dill large differences in the results for some of the
configurations. An explanation for this may be the fad
that the CFD modelling gves a time-averaged output of
the flowfield, whereas the flowfield in the experimental
combustor is unsteady and results in pressre
oscill ations that are not considered in the model. These
oscill ations have now been properly measured using
piezoeledric presare transducers, sampled at 80 kHz,
which were flush mounted to the inner combustor wall.
Figure 11 shows the magnitude of the presare
oscillations from one of the transducers versus time.
The magnitude of the presaure oscill ations due to flow
noise, about 50 kPa, can be seen before the spike from
the ignition of the gas generator that occurs at 3.0 s.
Shortly afterwards at about 3.3 s, the fuel-rich exhaust
from the gas generator and the vitiated air ignites in the
ramjet combustor, and the presaire oscillations are
about 100kPa in magnitude. Given that the average
static presaure in the mbustor for this test was
0.42 MPa, the magnitude of the presaure oscill ations is
indeed significant.

N v
> L o 9O » ©
| | | | | |

Efficiency based on temperature rise
S
— [\ (O)

o
o

| | | | | | | | | | I
B Onestream PDF 7

I Experimental |
B Twostream PDF 1

1 23 6 7 8 911121314151618192021 282930
Direct-connect configuration

Figure 10 — Comparison of efficiencies based on temperature rise
between CFD modelling and dired-conned experiments
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While the magnitude of the oscillations
obviously changes before and after ignition of the
mixture in the ramjet combustor, Fast Fourier
Transform (FFT) analysis of the signal was done at one-
second intervals to see if the frequencies of the
oscillations and the magnitude of each frequency aso
change. At 2.0 s, before ramjet ignition, Fig. 12 shows
that there are two significant frequencies at 520 and
2890 Hz. Figure 13 shows an FFT at 6.0s, well after
ramjet ignition, and the frequencies and magnitudes
have changed significantly. There are dominant
frequencies at approximately 250, 800, 920, 1500,
2420, and 4820 Hz, some of which may be harmonics
of the others. The magnitude of the lowest frequency
component has also doubled with respect to the 520 Hz
peak at 2.0 s.

T T T T T
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Figure 12 - FFT amplitude versus frequency at 2.0 s

Apart from showing that the combustor
pressure oscillations can be significant, these data have

10

demonstrated that the magnitude and frequency of the
pressure oscillations change when combustion occurs in
the ramjet, and that there is a strong possibility that they
are coupled to the combustion processes taking place.
The effect of these pressure oscillations on combustor
performance has not been considered in the CFD
modelling, and therefore may help explain differences
between the experimental and predicted results. While
time-dependent CFD modelling is possible in theory
and could take these oscillations into account, this type
of modelling would not have been practica for the

three-dimensional, turbulent reacting flowfield of
interest here.
3.0 r . r . r 1+~ 1 1 1 "1 1 T ™ 17
1250 Hz
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= [ ]
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Figure 13 - FFT amplitude versus frequency at 6.0 s
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CONCLUSIONS

Modelling the combustion using a twostream PDF
model rather than a onestream PDF model improved
predictions of temperature-based combustion efficiency
significantly. The average difference between the
twostream model predictions with the direct-connect
experimental results was 16%, or dlightly higher than
the experimental uncertainty. For the onestream PDF
model, this difference was 27%.

Not properly modelling pressure oscillations in the
combustor may account for not being able to predict
combustion efficiency accurately for some of the
configurations. Pressure oscillations of 25% of the
mean static pressure in the combustor were recorded,
and FFT analyses revealed that they might be coupled
to the combustion processes.

The use of the twostream PDF modd results in a change
of the temperature digtribution in the combustor when
compared to that of the onestream model.
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