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ABSTRACT

This report presents the basic design of a rocket engine injector and combustion chamber
for saturated nitrous oxide and liquid ethanol, as well as details of the construction and
operation of the engine in which the injectors will be used. At first, an oxidant-fuel mixture
is selected based on a thermochemical analysis that explores several existing options and
other combinations that have not yet been studied. As a result, nitrous oxide is chosen as
an oxidant and ethanol as fuel. Then a simplified methodology is proposed for the design
of a pressure-swirl injector responsible for ethanol. Computational fluid dynamics is used
to verify the validity of the above-mentioned analysis, using Volume of Fluid (VOF).
For the nitrous oxide injector, the flash-boiling phenomenon is investigated, verifying its
importance for the ongoing project. The effect is treated analytically using the Dyer
model to account for non-equilibrium thermodynamics. Simplified zero-dimensional and
one-dimensional combustion models are explored as tools to design the rocket combustion
chamber. Furthermore, combustion instability due to acoustic phenomena is studied, with
the first spinning tangential mode being computed for the herein developed motor and
an ensemble of acoustic cavities being developed to suppress the aforementioned mode.
Finally, a preliminary diagram of the static test bench which will be used to validate the
injectors and the designed engine is also presented.

Keywords: Liquid rocket motor. Injector. Pressure-swirl. Flash-Boiling. Ethanol.
Nitrous Oxide. Static hot-fire test stand. VOF. Combustion. Instability. Acoustic cavity.



RESUMO

Este relatório apresenta o projeto básico de um injetor e de uma câmara de combustão
de motor de foguete para óxido nitroso saturado e etanol líquido, assim como detalhes da
construção e operação do motor no qual o injetor será utilizado. De início, realiza-se a
seleção de uma mistura oxidante-combustível baseada em uma análise termoquímica que
explora diversas opções já existentes e outras combinações ainda pouco estudadas. Como
resultado, opta-se por óxido nitroso como oxidante e etanol como combustível. Então uma
metodologia simplificada é proposta para o projeto de um injetor do tipo pressure-swirl
para o etanol. Dinâmica de fluídos computacional é utilizada para verificar a validade
da análise supracitada, empregando o método Volume of Fluid (VOF). Para o injetor de
óxido nitroso, o fenômeno de flash-boiling é investigado, verificando-se sua importância
para o projeto em andamento. O efeito é tratado analiticamente pelo modelo de Dyer
para levar em conta a termodinâmica fora do equilíbrio. Modelos de combustão zero-
dimensional e unidimensional são utilizados como ferramentas para o projeto da câmara
de combustão do motor. Ainda é apresentado e discutido o fenômeno de instabilidade de
combustão em câmaras de combustão de motores de foguete líquido, com o primeiro modo
tangencial de oscilação acústico sendo calculado para o motor desenvolvido e um conjunto
de cavidades acústicas sendo proposto para amortecer tal modo. Por fim, apresenta-se
também um esquema preliminar da bancada de ensaio estático a ser utilizada para testar
os injetores e o motor projetado.

Palavras-chave: Motor líquido de foguete. Injetor. Pressure-swirl. Flash-Boiling.
Etanol. Óxido Nitroso. Bancada de ensaio estático. VOF. Combustão. Instabilidade.
Cavidade acústica.
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LIST OF SYMBOLS

F thrust [N]
ṁp propellant mass flow rate [kg/s]
Pe nozzle exit pressure [Pa]
Pa ambient pressure [Pa]
Pc combustion chamber pressure [Pa]
Ae nozzle exit area [m2]
At nozzle throat area [m2]
Ve exhaust velocity of gaseous propellant [m/s]
c effective exhaust velocity of gaseous propellant [m/s]
hi enthalpy of the gaseous propellant at the nozzle inlet [J/kg]
he specific enthalpy of the gaseous propellant at the nozzle exit [J/kg]
k ratio of specific heats of the gaseous propellant
R̄ universal gas constant [J/kmol K]
M molecular weight of gaseous propellant [kg/kmol]
Tc combustion chamber temperature [K]
Cf thrust coefficient
ηCf

thrust coefficient efficiency
c∗ characteristic velocity [m/s]
ηc∗ characteristic velocity efficiency
go sea level gravitational acceleration [m/s2]
Isp specific impulse [s]
Iv volumetric specific impulse [N s/m3]
ρ initial propellant density [kg/m3]

OF oxidiser to fuel mass ratio
λ oxidiser to fuel equivalence ratio
ϕ fuel to oxidiser equivalence ratio

ṁf fuel mass flow rate [kg/s]
ṁox oxidiser mass flow rate [kg/s]
M local Mach number
Cdf discharge coefficient for fuel injection system
Cdox discharge coefficient for oxidiser injection system
Aif injector area for fuel injection system [m2]
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Aiox injector area for oxidiser injection system [m2]
ρf initial fuel density [kg/m3]
ρox initial oxidiser density [kg/m3]

∆Pf pressure drop across fuel injection system [Pa]
∆Pox pressure drop across oxidiser injection system [Pa]

Ls spin chamber length [m]
dp inlet port diameter [m]
do orifice diameter [m]
β inlet shot angle [°]
t film thickness at exit [m]
θ half-cone angle [°]
σ fluid surface tension [N/m]
µl fluid dynamic viscosity [kg/m/s]
d32 Sauter Mean Diameter [m]
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1 INTRODUCTION

The aerospace sector has been growing in the past years with the introduction of new
private-owned companies exploring this market that was previously dominated by gov-
ernments. With an increasing demand for satellite communication, especially for small
satellites, it becomes increasingly more important to own technology to put those satel-
lites in orbit. Rocket engines are one of the main components needed to achieve this goal
and, therefore, developing this type of technology will be essential in the near future.

This type of engine has a key component that admits the propellant into the chamber for
combustion to occur: the injector. It plays a fundamental role in combustion efficiency,
and therefore is crucial on the performance of a liquid-propellant engine. That is why
injectors have become so important in rocket engine design, and also in this project.

The present work is part of Project NOELLE (Nitrous-Oxide EthanoL Liquid Engine),
whose goal is to design, build and test a small-scale rocket engine prototype with sat-
urated nitrous oxide and liquid ethanol as propellants. The project is subdivided into
two main areas: injector and combustion chamber design, presented here, and nozzle and
regenerative cooling design, presented in another thesis. Figure 1.1 shows a rendering of
Project NOELLE’s engine, displaying the nozzle and combustion chamber, built out of
copper. Behind the combustion chamber, the fuel and oxidizer injector is seen. Figure
1.2 shows the injector in more detail.

Figure 1.1 – NOELLE rocket engine. The cooled nozzle can be seen in the foreground

Source: Produced by the authors Ceotto & Tavares
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This report starts with an overview of the main objectives and requirements of the injector
design. Then, a literature review is carried out, exploring the main topics of interest, such
as injector design, flash-boiling, numerical methods related to injectors, multi-phase flows,
non-equilibrium thermodynamics and combustion and its associated instabilities.

This is followed by a detailed description of the methodology used in the project. Analyt-
ical models are presented for rocket engines, nozzles and injectors. These are then used to
compare different fuel-oxidizer mixtures, helping the authors choose a viable candidate.
In this case, the preferred choice was nitrous oxide and liquid ethanol. Subsequently, a
pressure-swirl injector is chosen for ethanol and the basic equations describing it are ex-
plained. On the other hand, a simple orifice injector is chosen for saturated nitrous oxide,
and the Dyer et al., 2007 model is employed to determine its geometrical characteristics.

The main results obtained are analyzed. A successful comparison between the analytical
and numerical models for the ethanol injector is presented, paving the way to a final
design and validation of the rocket engine injector.

Furthermore, a one-dimensional reactor model of vaporization controlled combustion is
employed to assess the lifetime of ethanol droplets. Software Cantera is used to simulate
a reactor network model, which is used to evaluate the evolution of mass fractions and gas
temperature along the combustion chamber, and to compute a suitable chamber length.

Finally, a review on combustion instability is presented, and the first spinning tangential
acoustic vibration mode for the herein developed combustion chamber is computed in
order to predict at which frequency unstable behaviour might manifest itself. An ensemble
of acoustic cavities is designed to suppress the aforementioned mode.
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Figure 1.2 – Rocket engine injector for nitrous oxide and liquid ethanol

Source: Produced by the authors Ceotto & Tavares
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2 OBJECTIVES

To design the injection system and the combustion chamber of a liquid rocket engine, with
the goal of achieving good agreement between a future static fire test and the proposed
analytical and numerical models. The geometry of the injector must be such that it allows
the propellant to atomize and vaporize, thus supporting combustion. Also, combustion
processes and their related instabilities must be taken into account.

Furthermore, the injector shall be well suited for a rocket engine designed with the fol-
lowing prerequisites:

• Engine nominal thrust: 3000 N;

• Engine nominal burn time: 5 s;

• Combustion chamber maximum operating pressure: 15 bar;

• Combustion chamber minimum operating pressure: 1 bar;

• Propellant tank maximum operating pressure: 70 bar;

• Propellant tank minimum operating pressure: 55 bar;
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3 LITERATURE REVIEW

3.1 ETHANOL AND NITROUS OXIDE ENGINES

While liquid rocket engines are common in the literature, ethanol - nitrous oxide engines
are rather rare and are yet to be implemented as a finished product. (Tokudome et al.,
2007) is one of the first published studies to present an operational engine using these
propellants. Static-fires were performed achieving 700 N of thrust using like-impinging
doublet injectors for both propellants and a gaseous hydrogen - gaseous oxygen torch
igniter. While this engine was used as a small scale prototype for further development,
(Kakami et al., 2010) designed and tested a much smaller engine with a nominal thrust
of 1 N, geared towards small satellites. Besides the different scale, (Kakami et al., 2010)
proposed a plasma assisted combustion model, demonstrating its viability.

More recently, (Phillip et al., 2016) developed a modular ethanol - nitrous oxide engine
and the necessary infrastructure to conduct further research in the future. Even though
the design is similar to (Tokudome et al., 2007) in scale and ignition/injection methods,
significantly higher efficiencies were achieved. Important theoretical contributions were
also made by (Palacz, 2017) who showed how an ethanol - nitrous oxide engine holds
potential for future applications. Among them are launcher vehicles upper stages, storable
military units and propulsion for small satellites.

3.2 INJECTION PATTERNS AND ATOMIZATION MODELS

(Sutton and Biblarz, 2016) remains as the standard literature for preliminary analysis
and design of rocket propulsion systems. Apart from the mathematical model developed
in the present report, the text provides historical and state-of-art information regarding
different injection patterns on liquid rocket engines, which is useful when facing the choice
of a pattern once the propellant is defined.

(Lefebvre and McDonell, 2017) is regularly cited in the scientific community as a reli-
able source of information on different injection methods and atomization mechanisms.
It includes a comprehensive review of different types of atomizers before delving into the
processes of drop breakup and disintegration of liquid sheets. Moreover, it digests em-
pirical correlations found in the literature on the performance of atomizers, with regards
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to drops size, which can be used for the preliminary design of injectors and for future
confrontation with experimental data.

(Xue et al., 2004) discusses the influence of some important geometric parameters on the
performance of pressure-swirl atomizers, via the assessment of the discharge coefficient,
the dimensionless film thickness and the spray cone half-angle through Computational
Fluid Dynamics (CFD) simulations and through an inviscid analysis, from the work of
(Giffen and Muraszew, 1953).

(Kang et al., 2018) presents an extensive review on pressure swirl injectors in liquid rocket
engines and how it affects the atomization steps of the liquid propellant. The main mech-
anisms of droplet formations and empirical data retrieved from other studies are displayed
in a comprehensive overview. The formation of an air core inside the injector element
due to the centrifugal force of the swirling flow is explained, and an empirical relation-
ship is presented for calculating its diameter. The influence of geometrical properties on
the discharge coefficient is thoroughly discussed, and a table gathering different empirical
equations for its calculation is displayed. These equations are mainly function of the di-
ameter of the tangential inlet port, the diameter and length of the output orifice and the
diameter and length of the swirling chamber, which can thus be carefully tuned for the
desired discharge coefficient. Moreover, the breakup of the conical liquid film, responsible
for the initiation of the atomization process, was covered. Two were said to be parame-
ters of utmost importance: the spray cone angle and the breakup length. The larger the
first one, the smaller the latter. Different spray patterns were introduced, and the spray
cone angle is given an equation for computing it, which is also a function of geometrical
properties of the injector.

3.3 NUMERICAL SIMULATION OF PRESSURE-SWIRL INJECTORS

(Maly, Jedelsky, et al., 2018) and (Maly, Slama, et al., 2019) discuss the numerical
simulation of a pressure-swirl atomizer by taking advantage of the axisymmetry of the
problem. The Volume of Fluid (VOF) method from ANSYS Fluent commercial software
is employed to good agreement with experimental data, using a laminar model. (Sun
et al., 2018), on the other hand, reveals itself as a good review of the analytical model
and on numerical simulation of sprays using the Discrete Phase Model (DPM).
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3.4 NITROUS OXIDE INJECTION SYSTEM

Flash-boiling will later in the text present itself as an additional challenge to the design
of the nitrous oxide injector.

(Sher, Bar-Kohany, and Rashkovan, 2008) presents a detailed review of the different
mechanisms which may occur during flash-boiling. These include intense nucleation, fast
bubbles’ growth and liquid atomization. The explanation is followed by an example of an
injector specifically designed to take advantage of flash-boiling. The main contribution of
this publication to the current project is the general understatement of what flash-boiling
is and how it can be modeled analytically or semi-empirically.

(Lyras et al., 2018), on the other hand, focuses on modeling flash-boiling phenomena
in injectors by means of numerical methods. It describes the implementation of a new
OpenFOAM solver named FlashFOAM specifically tailored for this application, account-
ing for the inter-phase heat transfer using the Homogeneous Relaxation Model (HRM).
Furthermore, the numerical results are validated against NASA flash-boiling injectors of
cryogenic liquid oxygen.

Much simpler than the analytical and numerical methods cited so far, (Dyer et al., 2007)
proposed a method to model simple orifice nitrous oxide injectors. After arguing that
nitrous oxide can have an intermediate behaviour between a single-phase incompressible
fluid and a multi-phase fluid undergoing isentropic expansion, they proposed a weighted
average of the mass flow rate predicted by both models, in which the contribution of each
is considered by the characteristic bubble growth time and the residence time of the liquid
inside the injector. Furthermore, (Dyer et al., 2007) also presented important contribu-
tions in the modelling of the thermodynamic properties of nitrous oxide by describing the
parameters of a Span-Wagner Helmholtz-Explicit Equation of State for the substance.

Unfortunately, the analytical model presented by (Dyer et al., 2007) was shown to have
a mistake, which was later corrected by (Solomon, 2011) and further acknowledged by
(Waxman et al., 2013) and (Whitmore and Chandler, 2010).

(Waxman et al., 2013) used nitrous oxide in an experimental setup in order to determine
the effects of injector geometry on the atomization of fluid particles, presenting results with
good agreement to (Dyer et al., 2007)’s model corrected by (Solomon, 2011). (Gamper and
Hink, 2013) also provides useful insight on the effectiveness of different injector patterns
by comparing those through cold test experiments on a test bench. Nitrous oxide was used
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as the working fluid, and the discharge coefficients were computed through the obtained
experimental data.

3.5 COMBUSTION MODELING

(Turns, 1996) constitutes the main source for the ordinary differential equations which
govern a reactor. Meanwhile, (Marinov, 1999), (Saxena and Williams, 2007) and (Can-
cino et al., 2010) discuss reaction mechanisms used for ethanol-air combustion, while
(MONAT, HANSON, and KRUGER, 1977) provides the mechanisms involved in nitrous
oxide decomposition.

3.6 COMBUSTION INSTABILITY

Although it has been extensively studied (and witnessed through failures), the phe-
nomenon of combustion instability still inspires caution, especially because the reasons
behind its onset are not perfectly understood. Nevertheless, it is of paramount impor-
tance on the design of liquid rocket engines, since neglecting it might lead to unwanted
explosions. Although it cannot yet be accurately predicted, it can be understood: (Zu-
crow and Hoffman, 1977) presents the underlying theory behind combustion instability,
deriving the acoustical modes of oscillation (inside a cylindrical cavity) that may become
unstable. On the other hand, (Bennewitz and Frederick, 2013) discuss traditional and
novel methods for suppressing these instabilities, specifically passive techniques, like baf-
fles. (Kim, 2010) reveals itself a useful source on the design of small acoustic cavities,
which are another type of passive control devices.
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4 ROCKET ENGINE DESIGN

4.1 PRELIMINARY MATHEMATICAL MODEL

There are three major constraints that are considered in the early stages of propulsion
system design: thrust, chamber pressure and ambient pressure. Once these are set and
the propellant is chosen, it is possible to compute the main parameters of a rocket engine.

4.1.1 PERFORMANCE

From Newton’s Third Law, the thrust generated by a rocket motor can be defined as:

F = ṁpVe + (Pe − Pa)Ae (4.1)

Where the first term constitutes a dynamic contribution and the second one constitutes
a static contribution to the thrust. Rearranging the equation, one finds:

F = ṁp

(
Ve + (Pc − Pa)Ae

ṁp

)
= ṁpc (4.2)

Where c is defined as the effective exhaust velocity of the gaseous propellant. When an
optimal expansion is considered through the nozzle (which will be the case in the present
report from now on), Pe matches Pa and therefore c equals Ve.

For an adiabatic, no shaft-work steady inviscid flow inside the nozzle, the exhaust velocity
of the gaseous propellant can be obtained by applying the first law of thermodynamics to
a control volume comprising the inlet section and the outlet section of the nozzle, which
yields:

Ve =
√

2(hi − he) + V 2
i (4.3)

Where the subscripts i and e refer to the nozzle inlet and outlet sections, respectively. In
the preliminary design, further assumptions are made:

1. The products from combustion are homogeneous, gaseous and obey the perfect gas
law;
2. Combustion chamber is adiabatic;
3. Stagnation condition at the inlet section of the nozzle;
4. Isentropic flow across the nozzle (no friction losses or shock waves);
5. The composition of the exhaust gas does not change along the nozzle (frozen flow).
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Thus equation 4.3 can be rewritten, using isentropic flow relations, as:

Ve =

√√√√√ 2k

k − 1
R̄Tc

M

1 −
(

Pe

Pc

) k−1
k

 (4.4)

It is noticeable that, in order to increase the exhaust velocity of the gas, the ratio between
exit pressure Pe and chamber pressure Pc can be increased. Moreover, the chamber
temperature Tc (here considered to be the adiabatic flame temperature) can be increased
and the molar mass of the gaseous products M can be decreased. The latter two are
dependent on the propellant selection, whereas the former is an input of the design process.

The exhaust velocity equation can be further rewritten in order to distinguish between
the propellant thermochemical contribution and the nozzle mechanical contribution:

Ve = Cfc∗ (4.5)

Where Cf is called thrust coefficient, which represents an increment on the gas exhaust
velocity due to its expansion on a supersonic nozzle. It is dimensionless and is given by:

Cf =

√√√√√ 2k2

k − 1

( 2
k + 1

) k+1
k−1

1 −
(

Pe

Pc

) k−1
k

+ Pe − Pa

Pc

Ae

At

(4.6)

When considering an optimal expansion, the exit pressure Pe matches the ambient pres-
sure Pa, and the second term vanishes. In order to take into account irreversibility pro-
cesses during expansion and the fact that not all exhaust gases have an axially directed
velocity when leaving the nozzle, a thrust coefficient efficiency, ηCf

, is usually considered.

The characteristic velocity c∗ is only dependent on the propellant characteristics and the
combustion chamber design. Although it has m/s units, it is not a velocity per se. It is
a measure of combustion performance, given by:

c∗ =

√
kR̄Tc

M

k
√

( 2
k+1)

k+1
k−1

(4.7)

In order to take into account combustion instability phenomena, a characteristic velocity
efficiency, ηc∗ , is usually considered.

Since the thrust is a design input, once the exhaust velocity is computed one can determine
the propellant mass flow rate ṁp by solving equation 4.1.

Another important parameter is the specific impulse, which is defined as the ratio between
thrust and the sea level weight rate of propellant consumption at a given instant of time,
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as follows:
Isp = T

ṁpgo

(4.8)

Therefore, Isp can be seen as a merit of propellant efficiency. For non-constant thrust, Isp

is defined as:

Isp =
´ tb

to
Fdt´ tb

to
ṁpgodt

(4.9)

Where tb is the burn time.

Furthermore, it is possible to define the volumetric specific impulse, which can be seen
as a measure of how much energy can be stored inside a rocket engine of a given size.
The higher the volumetric specific impulse, the higher the energy that can be stored. It
is defined as:

Iv = ρIsp (4.10)

Once ṁp is computed, it is possible to determine the mass flow rate of both the fuel and
the oxidiser given the oxidiser to fuel mass ratio, written as:

OF = ṁox

ṁf

(4.11)

Hence:
ṁox = OF

1 + OF
ṁp (4.12)

ṁf = 1
1 + OF

ṁp (4.13)

The Isp is highly sensitive with respect to OF . Therefore, the latter is usually chosen
such as the former is maximized.

4.1.2 NOZZLE

Simply stated, the nozzle is a device that converts thermal energy into mechanical en-
ergy, by expanding the gaseous propellant at high temperature and pressure into the
surroundings.

From equation 4.4, but considering a control volume between the inlet section of the
nozzle (stagnation condition) and an arbitrary section along the nozzle:

Ti = Tc = T + v2

Cp

(4.14)

Substituting by the Mach number (ratio between the flow velocity and the local speed of
sound):

Tc

T
= 1 + k − 1

2
M2 (4.15)
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Considering the continuity equation, an isentropic flow across the nozzle and that the
Mach number is equal to unit at the throat, it can be shown that:

A

At

= 1
M

(
1 + k−1

2 M2

1 + k−1
2

) k+1
2(k−1)

(4.16)

Which reveals that, in order for the gaseous propellant to be accelerated to supersonic
velocities, the nozzle must have a convergent-divergent section profile.

Making further use of isentropic flow relations between temperature, pressure and density,
it is possible to find the following relationship:

At

Ae

=
(

k + 1
2

) 1
k−1 (Pe

Pc

) 1
k

√√√√√(k + 1
k − 1

)1 −
(

Pe

Pc

) k−1
k

 (4.17)

Substituting equation 4.6 into equation 4.1 yields:

F = CfAtPc (4.18)

For optimal expansion condition Cf does not depend on At, and therefore the latter is
the only unknown in the above equation.

Since At is known, Ae can be calculated by solving equation 4.17.

4.1.3 INJECTION SYSTEM

The injection system is responsible for properly admitting both the oxidiser and the
fuel into the combustion chamber, thus allowing those to atomize and vaporize. By
increasing the active surface area of the fluid particles, these steps play a fundamental
role in combustion efficiency and therefore are defining on the performance of a liquid-
propellant engine.

From Bernoulli equation, for an incompressible flow across a restriction orifice, the mass
flow rate is shown to be:

ṁ = CdAi

√
2ρ∆P (4.19)

Where Cd is the discharge coefficient, a correction factor that takes into account non-
isentropic phenomena due to viscosity. It is a function of the orifice geometry. Ai is the
area of the orifice (or the sum of the areas from all the orifices on a plate).

On a liquid-propellant engine, the injection plate bears distinct groupings of injection
orifices, for fuel and oxidiser. Therefore:

ṁf = CdfAif

√
2ρf∆Pf (4.20)
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ṁox = CdoxAio

√
2ρox∆Pox (4.21)

The arrangement of these orifices with respect to each other (injection pattern) is crucial
to achieving a correctly proportioned mixture of oxidiser and fuel at given point in the
combustion chamber.

4.2 PROPELLANT SELECTION

In order to select an appropriate oxidizer and fuel pair, several conditions were considered.
First, the existence of suppliers greatly limits the possible fluids to be considered.

In fact, supply was the first criteria used for screening. Based on local availability, the
oxidizers and fuels considered for the following analysis are presented in Table 4.1.

Table 4.1 – List of oxidizers and fuels to be analyzed based on aviability screening.

Considered Oxidizers and Fuels List
Oxidizers Fuels
Liquid Oxygen - LOX Liquid Methane - LCH4
Gaseous Oxygen - GOX Gaseous Methane - GCH4
Nitrous Oxide - NOX Ethanol - C2H5OH

JetA - C12H23

Considering the 3 oxidizers and 4 fuels selected, 12 possible oxidizer-fuels pairs can be
formed. Each pair was analyzed using the mathematical model described in chapter 4.

As a result, two main important parameters were selected for comparison, the specific
impulse Isp and the volumetric specific impulse Iv.

For each oxidizer-fuel pair, a range of optimal operation was simulated and plotted in
Figure 4.1. The developed code used for this analysis, which is based on NASA Chemical
Equilibrium with Applications (NASA CEA) program output, is available at GitHub
(Ceotto, Dias, and Tavares, 2020).

In terms of specific impulse, slight variation between propellant combinations can be seen.
In general, all combinations presented a specific impulse between 200 s and 250 s. The
propellants can be naturally divided into two groups: propellant combinations of low
density and of high density. Any combination in which at least one of the fluids is in a
gaseous state, will have an overall low density. Higher density combinations are desired
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since they require smaller propellant tanks, crucial in a rocket. Thus, Figure 4.2, displays
only propellants in which both fuel and oxidizers can be stored as a liquid or at least in
a liquid-saturated state. These are the combinations considered from here.

Figure 4.1 – Specific impulse of all considered oxidizer-fuel combinations.
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Figure 4.2 – Specific impulse of oxidizer-fuel combinations in which both are liquid.
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Although some combinations provide a substantial advantage in terms of specific impulse,
they fell out of favor due to the comparatively higher difficulty in purchasing one or both
of the components. This is the case of propellants including JetA, Liquid Oxygen and
Liquid Methane, that were only found to be sold in extremely large amounts, usually to
industries.
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Moreover, it was later decided not to use any gaseous substance, since these lead to com-
paratively low volumetric specific impulses, which in turn make the use of the respective
rocket engine prohibitive due to overall weight concerns.

Therefore, it was decided to proceed with a Nitrous Oxide and Ethanol powered rocket
motor. Among their advantages, it is worth noting the self-pressurization properties of
the Nitrous Oxide (which dismisses the need for additional pressurization devices) and
the low freezing point of Ethanol, which makes it suitable for regenerative cooling the
nozzle.

4.3 ENGINE PARAMETERS: N2O, C2H5OH(L)

Considering the use of nitrous oxide (N2O) as oxidiser and liquid ethanol (C2H5OH(L)),
the rocket engine was simulated employing the model described above. A fuel to oxi-
diser equivalence ratio ϕ of 1.5 was considered in order to yield a low adiabatic chamber
temperature and allow the successful regenerative cooling of the nozzle. The resulting
quantities obtained can be analyzed in Table 4.2.

It is worth noting that the values for nominal chamber pressure and pressure on the fuel
inlet are such as to enable proper regenerative cooling of the nozzle. The pressure of
ethanol inside the cooling channels (that is, before entering the injector) should be above
its critical pressure, in order to prevent nucleate boiling regime (Sutton and Biblarz,
2016). Moreover, it must be pointed out that the fuel is actually a mixture of ethanol and
water, with 92% by mass of ethanol and 8% of water, in order to enhance the convection
heat transfer coefficient. Finally, some of the fuel will be injected to sustain film cooling:
this portion of the fuel will not be considered when designing the ethanol injector.
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Table 4.2
– Specified and calculated rocket engine parameters using N2O as oxidizer and C2H5OH(L) as fuel.

Parameter Value Unit
Thrust 3000.00 [N]

Burn time 5.00 [s]
Chamber pressure 15.0 [bar]

Adiabatic chamber temperature 2938.2 [K]
Molecular Weight of exhaust products 24.2 [kg/kmol]

Fuel to oxidiser equivalence ratio 1.5 -
Ratio of specific heats of exhaust products 1.17 -

Oxidiser/fuel mass ratio 3.52 -
Pressure on oxidiser tank 56.52 [bar]

Temperature on oxidiser tank 298.15 [K]
Pressure on fuel inlet ∼ 63.00 [bar]

Temperature on fuel inlet 370.0 [K]
Characteristic velocity 1563.16 [m/s]

Thrust coefficient 1.36 -
Specific impulse 216.66 [s]

Total mass flow rate 1.411 [kg/s]
Oxidiser mass flow rate 1.099 [kg/s]

Fuel mass flow rate (injector) 0.209 [kg/s]
Fuel mass flow rate (film cooling) 0.104 [kg/s]

Total oxidiser mass 5.494 [kg]
Total fuel mass 1.563 [kg]

Nozzle throat diameter 43.3 [mm]
Nozzle exit diameter 75.8 [mm]
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5 ETHANOL INJECTOR

Since the behaviour of the chosen liquid propellants greatly differ at the Standard Ambi-
ent Temperature (nitrous oxide is on the saturation region, while ethanol is compressed
liquid), independent analyses were carried out to determine the injection method for each
propellant, which led to the final injection pattern.

For the single-phase flow of ethanol, the pressure-swirl atomizer was deemed more suitable
than the others, mainly due to its wide range of applications, to the extensive available
literature and to its characteristic low discharge coefficient (Lefebvre and McDonell, 2017),
which allows for a great pressure drop (essential to ensure proper liquid breakup). In this
type of injector, the liquid is imparted with a swirling motion, and under the resulting
centrifugal force a conical sheet is formed as the fluid leaves the atomizer.

5.1 PRESSURE-SWIRL ANALYTICAL MODEL

A typical pressure-swirl simplex atomizer is shown in Figure 5.1.

On pressure-swirl atomizers the high-pressure liquid enters a spin chamber of length Ls

through tangential inlet ports of diameter dp. As a result the fluid not only has an axial
velocity component, but also a tangential velocity component, which leads to the swirling
motion and to the emergence of an air-core. It then proceeds to the orifice of diameter
do, forming a thin liquid sheet of thickness t that disintegrates as it leaves the atomizer,
in a conical shape: it becomes unstable and breaks up into droplets.

Unfortunately, the dynamics of the fluid inside the simplex atomizer are quite complex,
with unsteady and turbulent behaviour to be expected (Xue et al., 2004). Nevertheless,
the inviscid analysis from the work of (Giffen and Muraszew, 1953), later modified by
(Xue et al., 2004) to account for additional parameters, yields useful and somewhat ac-
curate relationships between performance and geometric parameters, and thus was the
cornerstone for the preliminary design of the ethanol injector.

The conservation of angular momentum yields the following relationship between tangen-
tial velocity w and radius r:

ωr = ωiri = constant (5.1)
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Figure 5.1 – Schematic of a simplex pressure-swirl atomizer.

Source: (Xue et al., 2004)

Figure 5.2 – Top view of a simplex pressure-swirl atomizer.

Source: (Kang et al., 2018)

Where i denotes inlet conditions. The tangential velocity at the inlet can be calculated
by:

ωi = Q sin β/Ap (5.2)

Where Q is the volume flow rate through a single inlet port, Ap is the area of the inlet
port and β is the angle of the inlet port with the atomizer axis of symmetry. β usually
assumes a value of 90◦.
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Considering the flow incompressible, irrotational and stationary, Bernoulli’s equation can
be applied to calculate the total pressure, pt, of the fluid going through the inlet port:

pt = p + ρu2

2
+ ρw2

2
(5.3)

Where p is the gauge static pressure at the inlet port, ρ is the fluid’s density and u

is the axial velocity component. This total pressure must be constant, considering the
hypothesis made above. Therefore, the fluid right at the exit of the atomizer, adjacent to
the inner air core formed, shall have a total pressure given by:

pt = ρu2
e

2
+ ρw2

e

2
(5.4)

Where the e subscript represents exit condition. Notice how the gauge static pressure is
assumed to be zero. This means that p effectively represents the difference in the static
pressure of the inlet and outlet of the atomizer.

Furthermore, ue and we can be expressed by:

ue = Q

Ao − Ae

(5.5)

we = Qri sin β

Apre

(5.6)

Where Ao is the exit orifice area (πd2
o/4), Ae is the area of the air core at the exit (πr2

e).
Substituting results in:

pt = ρ

2

( Q

Ao − Ae

)2
+
(

Qri sin β

Apre

)2
 (5.7)

Using the definition of the discharge coefficient Cd:

Q = CdAe

√
2pt

ρ
(5.8)

1
C2

d

= 1
(1 − X)2 + 1

K2
1X

ri

rs

sin2 β (5.9)

Where rs is the radius of the swirl chamber, and K1 and X are given by:

X =Ae

Ao

(5.10)

K1 = Ap

πrors

(5.11)

To solve the problem, a strong assumption shall be made. The size of the air core shall
be such that the maximum flow rate possible is achieved. That means that Cd will be the
maximum possible. This implies that:

Cd =

√√√√(1 − X)3

(1 + X)
(5.12)
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It is important to notice that X is directly related to the thickness of the film formed due
to the constant mass flow rate. The relation is expressed by:

t

ro

= 1 −
√

X (5.13)

Comparing ue and we leads directly to the spray cone half angle, θ, given by:

θ = arctan we/ue (5.14)

It is important to notice that the three equations 5.12, 5.13, 5.14 are of extreme importance
in the design of the pressure-swirl injector. They will be used to define the preliminary
geometrical parameters of the injector considering the pressure difference between the
combustion chamber and propellant tank as well as the mass flow rate as inputs.

Notice however an empirical correction to equation 5.12. (Giffen and Muraszew, 1953)
proposed the correction coefficient of 1.17 to fit experimental data, resulting in the equa-
tion 5.15:

Cd = 1.17

√√√√(1 − X)3

(1 + X)
(5.15)

This correction coefficient was proposed assuming ri

rs
= 1 and β = 90° in the model, and

thus these will be considered for the injector design.

Finally, another important parameter for assessing the performance of the atomizer is
the Sauter Mean Diameter (SMD), which is defined as the "diameter of a droplet whose
surface-to-volume ratio is equal to that of the entire spray" (Lefebvre and McDonell, 2017).
The smaller the SMD, the bigger the surface area of the droplet with respect to its own
volume, and therefore the better the atomization process. (Lefebvre and McDonell, 2017)
proposes an empirical formula for computing the SMD, considering the disintegration of
the liquid sheet due to hydrodynamic and aerodynamic forces, followed by the break down
of surface protuberances into ligaments and droplets:

SMD = 4.52
(

σµl
2

ρA∆Pl
2

)0.25

(tcosθ)0.25 + 0.39
(

σρl

ρA∆Pl

)0.25

(tcosθ)0.75 (5.16)

Where σ is the surface tension of the fluid, µl its dynamic viscosity, ρl its density, ρA the
density of the ambient medium and ∆Pl the pressure drop.

5.2 NUMERICAL MODEL

In order to more accurately predict the performance of the ethanol injector, two different
numerical simulations were intended to be carried out on ANSYS Fluent software: one to
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evaluate the flow inside the atomizer and the primary liquid breakup, using the Volume
of Fluid (VOF) method, and the other to evaluate the secondary breakup process and the
resulting average particle size, or Sauter Mean Diameter, using the Discrete Phase Model
(DPM). Due to the lack of available computational infrastructure, only the former was
executed. Future work will carry out the latter using a VOF-to-DPM model transition
mechanism available in Fluent, in which droplets originated in the VOF simulation are
converted to Lagrangian particle parcels. This will allow the assessment of the SMD,
and will also be useful for further combustion simulations. Nevertheless, both models
employed in each of these simulations are briefly explained in the following subsections.

5.2.1 VOLUME OF FLUID

The Volume of Fluid (VOF) method was chosen in order to accurately track the injector’s
air-core, to validate the analytical model proposed by (Giffen and Muraszew, 1953) and
to generate a primary breakup of the liquid sheet that would allow the future use of the
DPM model.

The VOF method is recommended for tracking the interface between two immiscible fluids,
which makes it suitable for computing the internal flow on the pressure-swirl atomizer and
for capturing the internal air-core. It solves a continuity equation for each of the phases
and a single momentum equation, and keeps track of the volume fraction of each of the
fluids in each computational cell. It assumes incompressible flow and uniform dynamic
viscosity.

The VOF method relies on solving the differential form of the continuity and momentum
equation in conservation form for the fluid (the latter being commonly known as the
Navier-Stokes equations). The continuity equation is written as:

∂ρ

∂t
+ ∇.

(
ρV⃗
)

= 0 (5.17)

Whereas the Navier-Stokes equations are defined as follows:

∂
(
ρV⃗
)

∂t
+ ∇.

(
ρV⃗ V⃗

)
= −∇p + ∇.

[
µ
(
∇V⃗ + ∇V⃗ T

)]
+ ρg⃗ (5.18)

Where the left-hand side of the equation comprises the acceleration terms, while the right-
hand side describes both the internal forces (due to differential pressure and viscosity)
and the external forces (such as the gravitational force) acting on an infinitesimal fluid
element.
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The VOF method solves the continuity equation for each cell of the discretized domain,
taking into account multiple phases inside this cell, as aforementioned. Thus the equation
to be solved is sightly different from the previously shown, and it must be computed for
each phase. It is written as (Ansys, 2020):

1
ρq

 ∂

∂t
(αqρq) + ∇. (αqρqv⃗q) = Sαq +

n∑
p=1

(ṁpq − ṁqp)

 (5.19)

Where αq corresponds to the volume fraction of the phase q, ρq to the density of the
pahse q, −→vq to the velocity vector of the phase q, ṁpq to the mass transfer from phase
p to phase q, ṁqp to the mass transfer from the phase q to the phase p and Sαq to a
source term, which by default is zero. It can be solved using the implicit or the explicit
formulation. When the implicit formulation is used, the continuity equation is discretized
in the following fashion:

αq
n+1ρq

n+1 − αq
nρq

n

∆t
V +

∑
f

(ρq
n+1Uf

n+1αq,f
n+1) = [Sαq +

n∑
p=1

(ṁpq − ṁqp)]V (5.20)

Where n + 1 corresponds to the index for the current time step, n to the index for the
previous time step, αq,f

n+1 to the face value of the qth volume fraction at time step n + 1,
Uf

n+1 to the volume flux through the face at time step n + 1 and V to the cell volume.

The primary-phase volume fraction is computed according to the following constraint:
n∑

q=1
αq = 1 (5.21)

The momentum equation to be solved is the following:
∂

∂t
(ρv⃗) + ∇. (ρv⃗−→v ) = −∇p + ∇.

[
µ
(
∇v⃗ + ∇v⃗T

)]
+ ρg⃗ + F⃗ (5.22)

With the density ρ and the dynamic viscosity µ being dependent on the volume fraction
of all the phases, being calculated by volumetric averaging over the phases.

The VOF method can also take into account evaporation (through energy equation),
turbulence and surface tension models, if activated. However, this was not used.

For interface tracking, ANSYS Fluent applies a special interpolation scheme in the mesh
cells near the interface between the two immiscible fluids. One of the available schemes,
the Geometric Reconstruction, was used. It assumes the interface is represented by a
linear slope within each cell, whose position relative to the center of the cell must first
be determined by the computed volume fraction and its derivatives. Then it calculates
fluid advection through each face, taking into account the linear interface representation.
Finally, volume fraction is computed through the balance of fluxes previously calculated.
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Figure 5.3
– Comparison between actual interface and assumed interface on the Geometric Reconstruction method.

Source: (Ansys, 2020)

5.2.2 DISCRETE PHASE MODEL

The Discrete Phase Model (DPM) solves the Navier-Stokes equation for the fluid phase,
as it treats it as a continuum, while tracking each particle of the discrete phase that
is travelling through the medium in a Lagrangian approach. The DPM may account
for discrete phase inertia, heating/cooling, aerodynamic drag, vaporization and turbulent
effects, among others. This set of effects influence the calculated trajectory of the particles
using the Lagrangian formulation.

The planned DPM simulation would have neglected the effects of radiation heat transfer
to the particles, of collision between particles and of gravity. Furthermore, the Species
Transport model would have been enabled in order to allow the mixing of the vapour phase
of ethanol with the continuum fluid; this is specially important in combustion simulations.

In order to assess the atomization process, the Sauter Mean Diameter (SMD) inside each
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cell is computed by the software in the following fashion:

d32 =
∑

NiL
3
i∑

NiL2
i

(5.23)

Where Ni refers to the i-th child particle and Li refers to the length of the i-th child
particle inside the cell. The SMD can be defined as the diameter of the particle whose
ratio of volume to surface area is equal to that of all the other particles of the spray.

5.3 ANALYSES AND RESULTS

Taking into account the requirement for ethanol mass flow rate (presented in table 4.2), a
pressure-swirl atomizer was designed following the analysis discussed in section 5.1. The
goal was to impart the liquid with enough angular momentum to yield a SMD of 40 µm or
greater on the combustion chamber, to avoid the evaporation of ethanol droplets to occur
too close to the injection plate, possibly leading to the melting of the latter. After some
iterations, one design was deemed suitable, and then the outputs of the analytical model
were confronted with the outputs of the numerical simulations using ANSYS Fluent.

The outputs from the analytical model were computed using a Python code, which can
be found on GitHub (Ceotto, Dias, and Tavares, 2020). CoolProp (Bell et al., 2014) was
used for retrieving ethanol properties.

5.3.1 INPUTS OF THE ANALYTICAL MODEL

The inputs for the ethanol injector design process were:
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Table 5.1 – Inputs for the ethanol pressure-swirl atomizer analytical model

Parameter Value Unit
Fuel temperature 370 [K]

Ambient gas density 1.486 [kg/m3]
Combustion chamber pressure 15.0 [bar]

Fuel inlet pressure ∼ 63.0 [bar]
Fuel density 745.0 [kg/m3]

Fuel mass flow rate 0.209 [kg/s]
Inlet shot angle 90 [°]
Orifice diameter 2.5 [mm]

Diameter of each inlet slot 1.75 [mm]
Ratio of spin chamber diameter over orifice diameter 2 -

Number of inlet slots 4 -

5.3.2 OUTPUTS OF THE ANALYTICAL MODEL

The relevant outputs from the analytical model were the following:

Table 5.2 – Outputs from the ethanol pressure-swirl atomizer analytical model

Parameter Value Unit
Discharge coefficient 0.5067
Fuel inlet pressure 62.4 [bar]

Film thickness 0.495 [mm]
Spray cone half-angle 40.1 [°]

Expected Sauter Mean Diameter 40.0 [µm]

5.3.3 SPRAY CONE HALF-ANGLE AND FILM THICKNESS USING VOF

In order to simulate the internal flow inside the pressure-swirl atomizer, the axisymmetry
of the problem was taken into account and therefore a 2D mesh was made. The inlet was
constructed as an edge of length equal to the inlet ports diameter. The 2D-axisymmetric
model is depicted by Figure 5.4

The inlet boundary condition was set to velocity, with a swirling (tangential) velocity of
18.955 m/s, corresponding to the mean fluid velocity on the inlet port times the ratio
between the distance from the inlet port axis to the swirl chamber axis and the diameter
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Figure 5.4 – Refined mesh at simulation end with boundary conditions

Source: Produced by the authors Ceotto & Tavares

of the swirl chamber (to conserve angular momentum), while the radial velocity was set
as 10.206 m/s to conserve the mass flow rate. Back-flow pressure was set to the outlet
boundary condition, and a no-slip condition was imposed to the walls. The flow was
treated as laminar: in (Maly, Slama, et al., 2019), the laminar model provided results
with good agreement to experimental data, and thus was deemed suitable.

The transient VOF model was computed using a PISO scheme with first order implicit
time integration. A variable time step size of between 1e-06 s and 1e-08 s was used, main-
taining the maximum Courant number value equal to 1. The volume fraction equation
was solved using a explicit time integration method which employed sub-timesteps with
the goal of keeping the maximum Courant number value below 0.25. The interface be-
tween the air phase and the ethanol phase was tracked using geometric reconstruction and
mesh adaptation was employed to refine the domain in these regions. Figure 5.4 shows
the refined mesh at the last step of the of the time integration.

The model was simulated until the total inlet pressure reached a stable value, usually
after 2.5 ms. The volume fraction of ethanol obtained after the system approached this
apparent steady state is shown in Figure 5.5, which mirrors the simulation domain for
visualization purposes. The formation of a thin cone film of ethanol can be clearly seen.
Furthermore, the cone angle is well defined.
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It is important to emphasize, however, that while film thickness and cone half-angle can
be extracted with accuracy from the simulation, droplet size and breakup phenomena
are not precise. To model film instability, primary breakup and secondary breakup, non-
axisymmetric effects need to be taken into consideration and thus, a much more expansive
3D simulation must be carried out.

Figure 5.5 – Volume Fraction of Ethanol inside the pressure-swirl atomizer

Source: Produced by the authors Ceotto & Tavares

The spray cone half-angle obtained was approximately 30◦, in contrast with the 41◦ pre-
dicted by the analytical model. Furthermore, the film thickness at the orifice exit was ap-
proximately 0.502 mm, which is very close to the expected 0.495 mm. Total inlet pressure
simulated was 48.2 bar, which results in a discharge coefficient of approximately 0.5026,
versus 0.5067. Therefore, a large deviation was observed only for the spray half-cone
angle. This discrepancy is probably due to viscous effects on the numerical simulation,
which tend to decrease the swirl velocity, and hence the cone angle. Table 5.3 summarises
the comparison between the analytical model and the VOF simulation.

Therefore, a good agreement between the analytical model and the VOF model was
obtained, specially considering the simplicity of the analytical model when compared to
the numerical simulation employed.
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Table 5.3 – Comparison between predictions of the analytical model and the VOF simulation

Model Analytical VOF Simulation Deviation
Discharge coefficient 0.5067 0.5026 0.8%
Film thickness (mm) 0.495 0.502 1.4%

Spray cone half-angle (degree) 40.1 30 25%
Total inlet pressure (bar) 47.4 48.2 1.7%

5.3.4 THREE-DIMENSIONAL SIMULATIONS USING VOF

As previously mentioned, two-dimensional axisymmetric simulations can accurately pre-
dict the cone half-angle and injector discharge coefficient. However, the flow instabilities
which cause the formation of the droplets are inherently three-dimensional. Thus, the
cone sheet primary breakup and droplet formation can only by modeled in a 3D environ-
ment. This is specially important to determine the position in which droplets form, as
well as their Sauter Mean Diameter distribution.

With this in mind, the axisymmetric model was used to create a body of revolution.
However, the 4 sided symmetry of the injector, which has four inlets was exploited. Thus
only one-fourth of the body was considered for the simulation. Furthermore, the exact
same numerical settings as in the two-dimensional simulation were used.

The preliminary steady-state ethanol free-surface is presented in Figure 5.6. The cone
angle agrees well with the axisymmetric simulation, however, breakup instabilities and
droplet size are still unreliable. A finer mesh is needed and will be used to improve this
result in future work, when powerful computational infrastructure is available.
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Figure 5.6 – Discharge coefficient as a function of injector cylinder length.

Source: Produced by the authors Ceotto & Tavares
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6 NITROUS OXIDE INJECTOR

The analysis and design of the nitrous oxide injector started very similar to the ethanol
injector. Since nitrous oxide will be in a saturated liquid state inside the oxidizer tank,
the initial plan was to also employ a pressure-swirl atomizer.

Recently, however, preliminary CFD simulations have shown that it is very likely that
the nitrous oxide will flash-boil still inside the injector. This greatly changes how the
injector works since the vaporized nitrous oxide will mix with the air core, preventing its
formation and greatly modifying the discharge coefficient.

Furthermore, the current analytical and numerical methodologies fail under this scenario,
rendering them useless for the design of the nitrous oxide injector.

In fact, flash-boiling will most certainly affect any injector, even simple ones such as a
single thick orifice plate. As mentioned in the literature review, flash-boiling must be
taken into account to guarantee a correct design of the nitrous oxide injector.

6.1 NON-HOMOGENEOUS NON-EQUILIBRIUM (NHNE) ANALYTICAL
MODEL

Despite these challenges, considerable effort from the scientific community has been put
into developing trustworthy analytical models, which can be used in the preliminary phase
of design. Along with experimental data, these models can accurately predict, up to an
extent, the mass flow rate across a nitrous oxide injector. An example of such model is the
one presented by (Dyer et al., 2007), later corrected by (Solomon, 2011). The total mass
flow rate across the injector is defined as a balance between the mass flow rate considering
single incompressible fluid (ṁSP I) and the mass flow rate considering thermal equilibrium
between liquid and vapour phase (ṁHEM). It is written in the following fashion:

ṁ = k

1 + k
ṁSP I + 1

1 + k
ṁHEM (6.1)

The mass flow rate ˙mHEM corresponds to the Homogeneous Equilibrium Model, which
takes into account the critical downstream pressure, where the flow becomes "choked", i.e.
mass flow rate reaches a maximum value. It is defined as:

ṁHEM = CdAρ2

√
2 (h1 − h2) (6.2)
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Where h1 and h2 are the upstream and downstream values of enthalpy for the nitrous ox-
ide, respectively, considering a vapor fraction-weighted average (or vapor quality-weighted
average). This fraction (or quality) is computed by assuming isentropic flow across the
injector. However, ˙mHEM is not sufficient to describe the flow, because thermodynamic
equilibrium might not be attained since liquids can exist below their vapor pressure if no
nucleation sites are available for bubble initiation (Dyer et al., 2007). Therefore, the mass
flow rate for incompressible liquid ṁSP I , given by equation 4.19, must be considered. The
balance between the two is ensured by the parameter k, which is a ratio between bubble
growth time τb and residence time τr of the liquid inside the injector, as follows:

k = τb

τr

=
√

P1 − P2

Pv − P2
(6.3)

Where P1 and P2 are the nitrous oxide upstream and downstream pressures, respectively,
and Pv is its vapour pressure. It can be inferred that, if the flow spends little time inside
the injector and bubbles grow quickly, a thermodynamic equilibrium model is not feasible.
In this case, k gets big, and thus the mass flow rate term ˙mHEM becomes negligible, as
expected.

Nevertheless, this model does not account for the ratio between length and diameter of the
the orifice (L/D). As this ratio increases, the flow has more time to reach thermodynamic
equilibrium, and therefore the Homogeneous Equilibrium Model dictates the mass flow
rate, as shown by (Henry and Fauske, 1971). Hence one should be careful when designing
injectors with high or low L/D ratios using the aforementioned model.

6.2 ANALYSES AND RESULTS

A nonimpinging (or shower head) injector was chosen for the nitrous oxide since good
agreement between the proposed model and experimental data was found by (Dyer et al.,
2007) for simple orifice injectors.

Following the methodology discussed in section 6.1, assuming all orifices have diameter of
1.5 mm and taking Cd as 0.66 from (Dyer et al., 2007) for this orifice size, it was possible
to compute the number of orifices required to attain the desired mass flow rate: ten.
CoolProp (Bell et al., 2014) was used for retrieving nitrous oxide properties.
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Table 6.1 – Parameters of the nitrous oxide injector

Parameter Value Unit
Discharge coefficient 0.66 -

Orifice diameter 1.5 [mm]
Number of orifices 10 -
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7 COMBUSTION MODELING

Inside the combustion chamber, ethanol droplets will mix with gaseous nitrous oxide
due to flash boiling. The high temperature ambient will cause the droplets to vapor-
ize. Ethanol vapor then reacts with nitrous oxide generating heat. When designing a
combustion chamber, two objectives must be considered: it is crucial that almost every
droplet fully vaporizes before reaching the nozzle, however, a significant proportion of
them should not vaporize too close to the injector plate, since it is not cooled and could
melt if intense combustion takes place near its surface (Spalding, 1959). This balance
can be attained by selecting a combination of combustion chamber diameter and length
which vaporizes a droplet of average diameter near the center of the chamber.

Therefore, in order to conduct a preliminary design of a rocket combustion chamber,
knowledge about droplet vaporization, fuel-oxidizer mixing and combustion is needed.
While CFD and even DNS are increasingly more relevant for combustion chamber de-
sign, the computational infrastructure available to the authors made their use impractical
considering the scope and duration of this work. However, simplified zero-dimensional
and one-dimensional models are sufficient to compute a suitable chamber diameter-length
combination (Belal, Makled, and Al-Sanabawy, 2019). These models involve algebraic and
ordinary differential equations, making them computationally inexpensive, which allows
for faster design iterations, parametric studies and design optimization.

Before theses models and their results are shown, the reaction mechanisms and ther-
modynamic data needed for these will be presented. Then, a one-dimensional model of
vaporization-controlled combustion is used to predict ethanol droplets lifetime. To con-
clude the combustion model, the vaporization-controlled reactor is combined with three
plug-flow reactors (PFR) to estimate the evolution of mass fractions and gas temperature
along the combustion chamber and nozzle.

7.1 REACTION MECHANISM AND THERMODYNAMIC DATA

While experimental studies on combustion characteristics of ethanol, C2H5OH, and ni-
trous oxide, N2O, mixture have been conducted (Lee, Son, and Koo, 2014), no chemical
reaction mechanism has been created and validate for such fuel-oxidizer pair. Since a
thorough mechanism investigation is out of scope for this project, an alternative is to
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combine reaction mechanisms used for ethanol-air combustion (Marinov, 1999; Saxena
and Williams, 2007; Cancino et al., 2010) with nitrous oxide decomposition mechanisms
(MONAT, HANSON, and KRUGER, 1977). Another option would be to add an ethanol
sub-mechanism into a hydrocarbon combustion mechanism which already contains ni-
trous oxide and related species, such as (Smith et al., 2000), which has already been used
when nitrous oxide was the oxidizer (Wang, Ma, and Shen, 2020), or (Mével et al., 2009),
which proposes a mechanism for hydrogen-nitrous oxide combustion. To evaluate the best
options, three new mechanisms for ethanol-nitrous oxide combustion were created.

The first one is based on the San Diego Mechanism (Saxena and Williams, 2007), which
is used for combustion simulations of several hydrocarbons, including ethanol. Since the
San Diego Mechanism also provides a sub-mechanism for nitrogen species which include
nitrous oxide, this sub-mechanism is combined with the original mechanism to achieve
the desired result. In total, the complete mechanism has 68 species and 311 reactions,
with 45 reactions related to the nitrogen sub-mechanism.

The second mechanism created combines (Marinov, 1999) as an ethanol mechanism with
(Mével et al., 2009) which serves as a sub mechanism for nitrous-oxide and other nitrogen
base compounds. In total, this mechanism contains 93 species and 664 reactions, with a
total of 281 reaction related to the nitrogen sub-mechanism, which is significantly more
than the first proposed mechanism.

The last mechanism is also based on (Marinov, 1999) for the ethanol mechanism. However,
nitrous-oxide decomposition is based the nitrogen sub-mechanism from (Smith et al.,
2000), which includes not only nitrogen and oxygen equations but also nitrogen-carbon
and nitrogen-hydrogen. In total, this mechanism contains 75 species and 494 reactions,
with only 18 reactions related to the nitrogen sub-mechanism.

Table 7.1 provides a summary comparing the proposed mechanisms. In general, all three
reaction mechanisms come from different bases. All mechanism files can be found at
(Ceotto, Dias, and Tavares, 2020). To compare them and attempt to analyse their validity,
the ignition delay in an ideal gas constant-pressure fixed-mass reactor is calculated. A
constant pressure reactor is chosen so that the rocket’s combustion chamber pressure can
be used in this analysis.



43

Table 7.1 – Proposed mechanism comparison.

Identification San Diego Marinov + Mevel Marinov + GRI
Hydrocarbon mechanism San Diego Marinov Marinov

NOX mechanism San Diego Extracted from Mevel Extracted from GRI 3.0
Species 68 93 75

Reactions 311 664 494
Ignition delay 9.2 µs 4.6 µs 6.5 µs

The reactor considers a completely homogeneous systems, meaning that a single value
of each variable is needed to describe the entire volume of the reactor. The governing
equations of this reactor (Turns, 1996) are ordinary differential equations which describe
the evolution of reactor temperature, T , and species mass fractions, [Xi]:

dT

dt
=

∑
i

(
h̄iω̇i

)
∑

i ([Xi] c̄p,i)
, (7.1)

d [Xi]
dt

= ω̇i − [Xi]
[ ∑

ω̇i∑
j [Xj]

+ 1
T

dT

dt

]
, (7.2)

where h̄i is the molar enthalpy and ω̇i is the molar production rate of species . The latter
is given by the reaction mechanisms as a function of species concentration. The molar
heat capacity of the mixture is given by ∑i ([Xi] c̄p,i).

This forms an initial-value problem which can be integrated in time to result in the evo-
lution of an initially premixed mixture of fuel and oxidizer. The reactor was simulated
using Cantera (Goodwin et al., 2018) and all three mechanisms considered an initially
stoichiometric mixture at 15 bar and 1500 K. The temperature evolution for each mecha-
nism is shown in Figure 7.1, while 7.1 summarizes the results. Even though the results are
different, all three mechanisms resulted in an ignition delay of the order of 10−5s. This
and the fact that these values are reasonable for ignition delays when nitrous oxide is
used as the oxidizer (Mével et al., 2009) supports the mechanisms proposed. The authors
choose to continue with the Marinov + Mevel mechanism for the rest of the simulations
since it contains a more detailed model of nitrous-oxide related reactions. Furthermore,
its large size in terms of number of species and reactions is not an issue here since the
model will only be used for zero-dimensional and one-dimensional simulations.

Thermodynamic and transport properties will also be necessary for the following analyses.
These come directly from the reaction mechanisms used: San Diego, Marinov, Mevel and
GRI 3.0. As species are considered to be in the gas phase. Liquid and phase-change
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Figure 7.1 – Ignition delay for the proposed mechanisms considering a
constant pressure reactor with an initial stoichiometric mixture of ethanol and nitrous oxide at 1500 K.
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properties are only needed for ethanol, since its droplets have a considerable lifetime as
will be shown in the next section. Such properties used here come from (Bell et al., 2014).

A important thermodynamic property which will be used in the models to come is the
equilibrium enthalpy of the combustion gases, as a function of temperature, pressure and
equivalence ratio. Using the thermodynamic properties specified and Cantera, equilibrium
calculations were done to produce the graph presented in Figure 7.2.

7.2 VAPORIZATION-CONTROLLED PLUG FLOW REACTOR

Both ethanol and nitrous oxide are stored as liquid before being injected in the combustion
chamber as described previously. However, due to flash boiling, the vaporization of nitrous
oxide is expected to be significantly faster than vaporization of ethanol droplets. In turn,
ethanol droplets are expected to have a lifetime orders of magnitudes greater than the
characteristic combustion time scale, which should have a similar order of magnitude as
the ignition delay presented previously. In this section, a one-dimensional reactor will
be modeled inspired by (Turns, 1996), (Spalding, 1959) and (Belal, Makled, and Al-
Sanabawy, 2019) to verify these hypothesis and calculate the lifetime of ethanol droplets.
These reactor will also be used in a reactor network in subsequent sections.
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Figure 7.2 –
Enthalpy contour for a nitrous oxide and ethanol mixture considering constant temperature and pressure
equilibrium for a range of temperatures and equivalence ratios. Pressure is kept constant at 35 bar.
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The model consists in the following simplifying assumption:

• One-dimensional flow, meaning every variable will have an uniform distribution
along the radial direction of the combustion chamber, changing only in the axial
direction.

• No circulation or back-mixing exists.

• Diffusion is neglected, even though axial gradients are not.

• Pressure is constant along the reactor, equal to the combustion chamber pressure.

• The flow contains two phases: liquid ethanol droplets at a constant temperature
equal to their boiling temperature and a gas phase comprising nitrous oxide and
combustion products.

• Ethanol droplets are injected with a single diameter, equal to the Sauter Mean
Diameter. Their initial velocities is equal to the axial velocity of ethanol at the
injector outlet face.
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• Combustion is assumed to happen significantly faster than the droplets lifetime.
This means that infinite rate chemistry will be considered and thus equilibrium will
be used to calculate enthalpy variations and mixture composition.

• Droplet vaporization can be modeled assuming unitary Lewis number, without con-
vective effects.

Given these assumptions, the model considered here tracks the following variables along
the combustion chamber axis, x:

• D(x), droplet diameter;

• ṁg(x), gas phase mass flow rate;

• ṁl(x), liquid ethanol flow rate;

• Φg, equivalence ratio;

• Tg(x), gas phase temperature;

• vd(x), droplet velocity;

• vg(x), gas phase velocity;

As such, six differential equations are needed to solve them and one additional algebraic
equation is needed for vg(x). The first differential equation describes the evolution of the
droplet diameter D(x) and is given by the well known droplet diameter squared equation
(Turns, 1996) transformed from time coordinates to space coordinates by the droplet
velocity vd(x):

dD2

dx
= − K

vd(x)
, K = 8kg

ρlcp,v

ln
(

1 + cp,v(T∞ − Tboil)
hfg

)
, (7.3)

where cp,v is the constant pressure specific heat of ethanol vapor calculated at T̄ =
mean(T∞, Tboil) and kg is the its thermal conductivity, calculated as kg = 0.4kv(T̄ ) +
0.6k∞(T̄ ). The liquid density is denoted by ρl and the heat of vaporization by hfg.

While the droplet lifetime is not needed in the model, it is important to verify the model’s
assumption. It is given by (Turns, 1996):

td = D2(0)
K

(7.4)
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Once dD2/dx is known, the axial derivative of the liquid flow rate can be easily calculated,
since it corresponds to the evaporation rate:

dṁl

dx
= π

4
ṄρlD

dD2

dx
, (7.5)

where Ṅ is the number of ethanol droplets injected per unit time. Following conservation
of mass, knowing that the combustion chamber has no other inlets besides at x = 0, it is
possible to calculate the axial derivative of ṁg:

dṁg

dx
= −dṁl

dx
(7.6)

The equivalence ratio follows directly from these mass flow rates (Turns, 1996):

dΦ(x)
dx

= 1
(F/O)ϕ=1

dṁg

dx

1
ṁg(0)

, (7.7)

where (F/O)ϕ=1 is the stoichiometric fuel to oxidizer ratio.

The temperature differential equation comes from the energy equation considering infinite
rate chemistry:

dTg

dx
=
(

hg − hl

ṁg

dṁg

dx
− ∂hg

∂Φ
dΦ
dx

)(
∂hg

∂T

)−1

. (7.8)

Here, ∂hg

∂Φ and ∂hg

∂T
are calculated by evaluating derivatives of the plot shown in Figure 7.2.

And finally, the last differential equation of the model consists in the dynamic model of
the liquid droplets, whose acceleration is determined by their mass and drag coefficients:

dvd

dx
= 3CDρgv2

rel
4ρlvdD

, (7.9)

where the drag coefficient CD is calculated by (Turns, 1996):

CD ≈ 24
ReD,rel

+ 6
1 +

√
ReD,rel

+ 0.4, (7.10)

while the subscript rel represents a relative quantity with respect to the velocity of the
gas vg.

This brings the model to its last equation, an algebraic equation for vg which comes from
the definition of the mass flow rate:

vg = ṁgRuTg

MWgPA
, (7.11)

where P is the chamber pressure, A its cross sectional area, MWg the molecular weight
of the gas phase and Ru the universal gas constant.
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This model is, mathematically speaking, an initial value problem. Giving initial con-
ditions, at x = 0, it can be integrated in x until axial steady state has been reached.
The differential equations have been implemented in Python and solved using SciPy’s
integration routines. The code can be accessed in (Ceotto, Dias, and Tavares, 2020).

As a result, the droplet lifetime calculate by the model is:

td = 834 µs (7.12)

This is three orders of magnitude larger than the characteristic reaction time, demon-
strating the validity of the model.

7.3 VARYING-AREA PLUG FLOW REACTOR

Varying-Area Plug Flow Reactors are a standard section of combustion textbooks nowa-
days (Turns, 1996). In a rocket’s combustion chamber design, they can be used to model
reacting flow along the section of the camber which does not contain droplets, as well as
along the rocket’s nozzle. The model is also one-dimensional and is based on the following
hypothesis:

• Mixing in the axial direction of the combustion chamber can be neglected. No
molecular or turbulent diffusion is considered.

• Friction-less, steady-state, steady flow.

• Gaseous mixture has ideal-gas behavior.

Considering this, the flow can be fully characterized by the knowledge of its density, ρg,
temperature Tg and composition, expressed in terms of species mass fraction Yi. From
these, remaining important variables can be readily calculated employing algebraic rela-
tions, such as pressure P (using the Ideal-Gas law), and flow velocity vg using a known
and constant mass flow rate. This means, the system is fully defined by the following
differential equations (Turns, 1996):

dρg

dx
=

(
1 − Ru

cpMWmix

)
ρ2

gv2
g

(
1
A

dA
dx

)
+ ρgRu

vgcpMWmix

∑N
i=1 MWiω̇i

(
hi − MWmix

MWi
cpTg

)
P
(
1 + v2

g

cpT

)
− ρgv2

g

(7.13)

dTg

dx
=

v2
g

ρgcp

dρg

dx
+

v2
g

cp

(
1
A

dA

dx

)
− 1

vgρgcp

N∑
i=1

hiω̇iMWi + q̇′

cpρg

(7.14)

dYi

dx
= ω̇iMWi

ρgvg

(7.15)
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Where cp indicates the constant pressure specific heat of the gaseous mixture, ω̇i denotes
the net production rate of the i-th species, which can be readily calculated given the reac-
tion mechanisms described above and the mass fraction of each species. MW represents
molecular weight while Ru is the universal gas constant. Furthermore, these equations
also consider the cross-sectional area variation typical of rocket nozzles. The cross sec-
tional area at each axial position x is denoted by A(x). Possible heat exchange is also
modeled by the heat transfer per unit length term, q̇′. In case of rockets, regenerative
cooling remove a significant heat from the combustion chamber and nozzle flow, therefore,
making such inclusion in the model important.

Equations 7.13, 7.14, and 7.15 are initialized using specified values of ρg(x), Tg(x) and
Yi(x) at x = x0.

7.4 REACTOR NETWORK MODEL

Both one-dimensional reactors described above can be readily arranged in series to form
a chemical reactor network which represents the basic characteristics of a rocket’s com-
bustion chamber and nozzle in steady-state. To do so, a typical combustion chamber -
nozzle combination is split into four parts as shown in Figure 7.3:

• a vaporization-controlled reactor, starting at the injector plate and ending when
droplet radius reaches zero;

• a constant-area plug flow reactor, which models the remaining of the combustion
chamber;

• a converging plug flow reactor, which models the converging section of the nozzle
and ends at Mach 1;

• a diverging plug flow reactor for the the diverging section of the nozzle.

While the second and third reactors could be merged, it is more efficient to solve them
separately since equations 7.13, 7.14, and 7.15 can be simplified for a constant-area reactor.
On the other hand, the third and fourth reactor, which models the nozzle, is usually
divided to prevent singularities which may occur numerically in equations 7.13, 7.14 and
7.15 at Mach 1. Each reactor is solved in sequence and fed as starting condition the
end state of the previous reactor. In this case, the coordinate system is such that the
combustion chamber starts at x = −−275 mm, and the nozzle throat is conveniently
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Figure 7.3 – Reactor Network Model for a combustion chamber - nozzle system.
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at x = −0 mm. The vaporization-controlled reactor starts with the following initial
conditions at x = −275 mm:

• Droplet initial diameter (SMD): D0 = 40.0 µm;

• Droplet initial velocity: vd,0 = 93.75 m/s

• Liquid ethanol mass flow rate: ml,0 = 0.314 kg/s

• Gas mass flow rate (initially only nitrous oxide): mg = 1.103 kg/s

• Initial equivalence ratio: Φ = 0.

Such conditions generates the results shown in Figure 7.4. The first critical data which
can be observed from the graph is the position where the droplet radius goes to zero,
meaning that droplets have completely evaporated. This occurs at x − x0 = 91.5 mm
after the injector plate, which shows that the selected combustion chamber length of
L = 200 mm would sufficient for complete droplet evaporation and combustion. However,
it is important to remember the limitations of the vaporization-controlled reactor: all
droplets are assumed to have the same diameter. Since this is not the case, some droplets
will have an initial diameter larger than the predicted SMD and will, thus, evaporate only
later in the combustion chamber, approaching the nozzle.

The graph in Figure 7.4 also shows how the temperature peaks near x − x0 = 20 mm.
This occurs when the equivalence ratio of the mixture becomes one. For larger values of
x, more ethanol evaporates increasing the equivalence ratio and creating a rich mixture.
Therefore, the temperature starts to drop again.
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Approaching the nozzle, compressible flow becomes more significant and the typical ac-
celeration provided by choked nozzles can be observed. Since the nozzle is not the main
concern of this work, no further analysis will be carried out here. However, it must
be emphasized that the reactor network implemented is capable of analyzing nozzles
and producing relevant results for nozzle design considering reactive flow. This differs
from simplified models which generally assume equilibrium or frozen flow (Gordon and
McBride, 1994).

Figure 7.4 – Resulting evolution of main
variables in the Reactor Network developed. r∗ indicates throat radius, while Tad denotes the stoichio-
metric adiabatic flame temperature and ρ0 is the initial density, not to be confused with total density.
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8 COMBUSTION INSTABILITY

The understanding and forecast of combustion instabilities are of utmost importance in
the development of liquid rocket engines. If not properly assessed, they can lead to
severe pressure vibration forces, which can blow the engine apart. In order to address the
problem, engineers must properly design combustion chamber, injection systems and feed
lines, among others, adding (or removing) features with the goal of preventing instabilities
from occurring.

According to (Sutton and Biblarz, 2016), combustion instabilities can be divided into
three types, according to the respective frequency range: the first one, deemed chugging,
is related to possible pressure and mass flow disturbances on the propellant feed lines,
within the 10-400 Hz frequency range. For instance, in the event of a slight increase on
the rocket thrust (and therefore of the vehicle’s compression), there will be a sudden rise
on the propellant upstream pressure, which in turn will lead to a higher mass flow rate
to the combustion chamber, and thus to a bump in the thrust. This dynamic produces
a longitudinal vibration motion, which can turn out to be unstable if there is a match
between the resonance frequencies of the feed lines and the combustion chamber. This
combustion instability is called pogo phenomenon, after the resemblance to the bouncing
of the pogo stick, a children’s toy.

Buzzing, the intermediate one, within the 400-1000 Hz frequency range, usually does
not lead to pressure fluctuation above ±5% of the mean chamber pressure, which would
characterize a transition from a so-called smooth combustion to a unstable combustion.
Caused by coupling between the combustion process and flow on the propellant feed
system, it is therefore not a big concern.

Screeching (or screaming), on the other hand, is the most damaging type. Given its higher
frequency range (above 1000 Hz), it is also the one that carries the most energy, capable
of being utterly destructive in a matter of seconds. It has its roots in the combustion
chamber alone, where pressure waves and the acoustical resonance properties may lead to
unstable behaviour. This high-frequency instability manifests itself in acoustic longitudi-
nal vibration modes (parallel to the combustion chamber axis) and transverse vibration
modes (radial and tangential modes). Both are driven by energy from "acoustically stim-
ulated variations in droplet vaporization and/or mixing and local detonations" (Sutton
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and Biblarz, 2016). Screeching is usually avoided by the use of acoustic absorbers, such
as injector face baffles, which reduces coupling and amplification of gas dynamics forces,
and acoustic cavities, which increase acoustical damping within the combustion chamber.

Given its possible (and sudden) catastrophic influence on engine operation, only screeching
will receive a thorough investigation. The purpose of the present chapter is to give a brief
overview on combustion phenomena that may lead to acoustic modes being self-excited,
to derive the latter for the herein developed nitrous oxide and ethanol rocket engine and
to present, discuss and propose a passive control technique. Results from a planned hot-
fire test will reveal if the rocket is susceptible to combustion instability, and if so, which
acoustic modes are unstable, which will lead to future work aiming at counteracting this
issue.

8.1 ACOUSTIC COMBUSTION INSTABILITY MECHANISM

The mechanism that lead to acoustic combustion instability must foremost satisfy Rayleigh’s
criterion. It states that the rate of unsteady heat release must be in phase with pressure
oscillations in order to vibration to be encouraged, i.e, to the amplitude of the pressure
waves to grow. Also, the energy released from unsteady combustion must be grater than
the energy dissipated across the system boundaries (Rayleigh, 1896).

The unsteady heat release is responsible for giving rise to acoustic perturbations (in
the form of pressure waves), which travel along the combustion chamber until they are
reflected at the boundary and come back towards the injector plate, possibly amplifying
flame oscillations if with correct phasing, leading to instability growth (Bennewitz and
Frederick, 2013).

Unsteady heat release is related to the processes in which the propellant interacts with the
combustion chamber (such as injection, atomization, vaporization, mixing and combus-
tion). These processes may excite acoustic modes (and vice versa) if their characteristic
time is of the same order of magnitude as that of the modes, possibly leading to unstable
behaviour.

Vaporization is usually considered to be the rate controlling process for combustion (in
subcritical injection), as it tends to occurs more slowly in comparison with the aforemen-
tioned processes. As vaporization may occur due to boiling and/or evaporation, one of
these process will be limiting. The characteristic time associated with boiling (a bulk
phenomenon) is generally longer than the one associated with evaporation (a surface phe-
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nomenon); thus, boiling is the rate limiting process. Its characteristic time is on the order
of 10−3 seconds, close to that of acoustic oscillations. Chemical time (proportional to
chemical kinetic rates of reaction) in fuel rich combustion is also around this order of
magnitude, thus making combustion itself a possible driver of instability by interacting
with acoustic modes (Bennewitz and Frederick, 2013).

8.2 ACOUSTIC THEORY

The following mathematical formulation aims to describe the three-dimensional acoustic
wave propagation in a cylindrical cavity (such as a rocket combustion chamber). It as-
sumes isentropic flow, very small pressure disturbances, that the gas mixture from the
products of combustion behaves like one continuous compressible medium, and can be
found on (Zucrow and Hoffman, 1977).

The continuity, momentum and speed-of-sound equation can be written, respectively, as
follows:

∂ρ̃

∂t
+ ∇.

(
ρ̃V⃗
)

= 0 (8.1)

ρ̃

∂V⃗

∂t
+ V⃗ .∇V⃗

+ ∇p̃ = 0 (8.2)

Dp̃

Dt
− ã2 Dρ̃

Dt
= 0 (8.3)

Combining equations 8.1 and 8.3 yields:

ρ̃ã2∇.V⃗ + Dp̃

Dt
= 0 (8.4)

Where the letters with the tilde above reference a dimensional flow property, whereas
letter without it reference a perturbation or a disturbance of the respective flow property.
Assuming the free-stream velocities (u, v and w, on the x, y and z directions, respectively)
to be null:

ũ = u (8.5)

ṽ = v (8.6)

w̃ = w (8.7)

p̃ = p∞ + p (8.8)
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ρ̃ = ρ∞ + ρ (8.9)

ã = a∞ + a (8.10)

Where p is the pressure, ρ is the density, a is the local speed of sound and the subscript
∞ refers to the free-stream value of the variable. The disturbances are taken as much
smaller than the corresponding undisturbed values.

Applying the above definitions and assumptions to equations 8.4 and 8.2 leads, respec-
tively, to:

ρ∞a2
∞

(
∂u

∂x
+ ∂v

∂y
+ ∂w

∂z

)
+ ∂p

∂t
= 0 (8.11)

ρ∞
∂u

∂t
+ ∂p

∂x
= 0 (8.12)

ρ∞
∂v

∂t
+ ∂p

∂y
= 0 (8.13)

ρ∞
∂w

∂t
+ ∂p

∂z
= 0 (8.14)

Assuming second derivatives are continuous, differentiating equations 8.11, 8.12, 8.13 and
8.14 by t,x,y and z, respectively, and eliminating the partial derivatives ∂u

∂x∂t
, ∂v

∂y∂t
and

∂w
∂z∂t

yields the three-dimensional wave equation:

∂2p

∂t2 = a2
∞

(
∂2p

∂x2 + ∂2p

∂y2 + ∂2p

∂z2

)
= a2

∞∇2p (8.15)

Which is a linear equation for the propagation of a small pressure disturbance in a station-
ary gas, where ∇2 denotes the Laplacian operator. Due to this linearity, the pressure field
can be obtained through the superposition of different waves that may be propagating in
the three-dimensional space. Therefore, the next logical step is to characterize the shapes
and frequencies of these individual waves, through a modal analysis.

In a cylindrical coordinate system, the above equation may be rewritten as:

∂2p

∂t2 = a2
∞

(
∂2p

∂r2 + 1
r

∂p

∂r
+ 1

r2
∂2p

∂θ2 + ∂2p

∂z2

)
(8.16)

Where r refers to the radial distance, θ to the azimuth and z to the axial coordinate. This
is the equation for which a general solution will be determined.
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The method of separation of variables is used, with the pressure written as function of
four independent complex-valued functions of the variables r,θ,z and t, as follows:

p (r, θ, z, t) = R(r)Θ(θ)Z(z)T (t) (8.17)

By substituting equation 8.17 into 8.16, dividing by RΘZT and using the prime super-
script ()’ to denote the derivative of a function with respect to its argument, one finds:

T”
a2

∞T
= Z”

Z
+ R”

R
+ 1

r

R′

R
+ 1

r2
Θ”
Θ

(8.18)

Which leads to an equation with its left-hand side dependent only on t, while its right-
hand side is dependent only on r, θ and z. Given the equality, both sides must be equal
to some constant, such as −λ2. Therefore the left-hand side can be written as:

T” + λ2a2
∞T = 0 (8.19)

Likewise:
−Z”

Z
= R”

R
+ 1

r

R′

R
+ 1

r2
Θ”
Θ

+ λ2 (8.20)

Again, both sides must be equal to some constant, such as ϕ2. Hence:

Z” + ϕ2Z = 0 (8.21)

And:
R”
R

+ 1
r

R′

R
+ 1

r2
Θ”
Θ

= ϕ2 − λ2 = −σ2 (8.22)

Therefore:
−Θ”

Θ
= r2 R”

R
+ r

R′

R
+ σ2r2 (8.23)

Once more, denoting γ2 as the constant that is equal to each side of the above equation
leads to:

Θ” + γ2Θ = 0 (8.24)

And:
r2R” + rR′ +

(
σ2r2 − γ2

)
R = 0 (8.25)

As a result, the three-dimensional wave equation (8.16) has been replaced by four ordinary
differential equations. The general solutions for the first three equations (8.19, 8.21 and
8.24, respectively) are shown below:

T (t) = G exp(ia∞λt) + H exp(−ia∞λt) (8.26)

Z(z) = E exp(iϕz) + F exp(−iϕz) (8.27)
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Θ = C exp(iγθ) + D exp(−iγθ) (8.28)

Rewriting equation 8.25 yields:

r2 d2R

dr2 + r
dR

dr
+
(
σ2r2 − n2

)
R = 0 (8.29)

Which is known as Bessel’s differential equation. It can be solved by assuming R to
be a power series of r, and this leads to two linearly independent solutions (if n is an
integer): the first one is denoted Jn(r) (Bessel function of the first kind), which is finite at
r = 0, while the second one is denoted Yn(r) (Bessel function of the second kind), which
is infinite at r = 0. Therefore, the solution of equation 8.25 is given by:

R(r) = AJn(σr) + BYn(σr) (8.30)

With the Bessel function of the first kind Jn being defined, for each fixed n, as:

Jn(σr) =
+∞∑
m=0

(−1)m

m!(n + m)!

(
σr

2

)2m+n

(8.31)

It is important to point out the relationship between the separation constants λ, ϕ and
σ:

λ2 = ϕ2 + σ2 (8.32)

The aforementioned parameters can be rewritten, with no loss of generality, as:

λ = ω

a∞
(8.33)

σ = α

R
(8.34)

ϕ = ξ

L
(8.35)

Where ω is the frequency of the oscillations in the cavity, a∞ is the acoustic speed in the
undisturbed gas, α is a constant characteristic of the radial and tangential oscillations, R

is the radius of the cylinder, ξ is a constant characteristic of the axial oscillations and L

is the length of the cylinder. Thus, equation 8.32 becomes:

ω2

a2
∞

= α2

R2 + ξ2

L2 (8.36)

The next step is to find the specific cylindrical solution, by applying appropriate initial
and boundary conditions to the general solutions. The domain is assumed to be a hollow
rigid cylinder, closed at both ends. Therefore:
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• 1. At the walls, the velocity component normal to the boundary is null, which
implies vr = 0 at r = R and vz = 0 at z = 0 and z = L.

• 2. For all values of r, θ, z and t, the function p(r, θ, z, t) is finite.

• 3. The specific solution is periodic in θ with a period of 2π.

The first boundary condition must be imposed on the momentum equation 8.2, with
respect to the r and z directions. For the r direction, the momentum equation is written
as follows:

ρ̃

(
∂ṽr

∂t
+ ṽr

∂ṽr

∂r
+ ṽθ

r

∂ṽr

∂θ
− ṽ2

θ

r
+ ṽz

∂ṽr

∂z

)
= −∂p̃

∂r
(8.37)

Likewise, for the z direction:

ρ̃

(
∂ṽz

∂t
+ ṽr

∂ṽz

∂r
+ ṽθ

r

∂ṽz

∂θ
+ ṽz

∂ṽz

∂z

)
= −∂p̃

∂z
(8.38)

Assuming small perturbations yields:

∂p

∂r
= −ρ∞

∂vr

∂t
(8.39)

∂p

∂z
= −ρ∞

∂vz

∂t
(8.40)

If one applies the first boundary condition, which imposes ∂vr

∂t
= 0 at r = R and ∂vz

∂t
= 0

at z = 0 and z = L, one finds ∂p
∂r

= ∂p
∂z

= 0 at those locations. Therefore, the derivatives
of R(r) and Z(z) with respect to its own arguments at those locations is also zero.

Referring to the second boundary condition, since the function p(r, θ, z, t) is always finite,
the constant B in equation 8.30 must be zero, as the Bessel function of the second kind
Yn(r) goes to infinite at r = 0. Therefore:

R(r) = AJn

(
αr

R

)
(8.41)

By taking its derivative with respect to r, and by taking into account the first boundary
condition, one finds:

J ′
n(α) = 0 (8.42)

Equation 8.42 has as infinite number of possible solutions α′
mn, which is the (m + 1) root

of J ′
n(r). For convenience:

παmn = α′
mn (8.43)

Therefore:
J ′

n(παmn) = 0 (8.44)
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Table 8.1 – Values of αmn

n
m

0 1 2 3 4

0 0.000 1.220 2.333 3.238 4.241
1 0.586 1.697 2.717 3.726 4.731
2 0.972 2.135 3.173 4.192 5.204
3 1.337 2.551 3.612 4.643 5.662
4 1.693 2.995 4.037 5.082 6.110

Source: (Zucrow and Hoffman, 1977)

The values for the roots αmn were obtained by (Converse and Hoffman, 1967) and are
reproduced in table 8.1, for m and n ranging from 0 to 4. Next, E and F are obtained.
By differentiating equation 8.27, one finds:

∂

∂z
[Z(z)] = E

(
i
ξ

L

)
exp

(
i
ξz

L

)
+ F

(
−i

ξ

L

)
exp

(
−i

ξz

L

)
(8.45)

Imposing that ∂Z
∂z

= 0 at z = 0 yields:

E = F (8.46)

Further imposing ∂Z
∂z

= 0 at z = L leads to:

exp(iξ) − exp(−iξ) = 2 sinh iξ = 2i sin ξ = 0 (8.47)

Hence:
ξ = πq (q = 0, 1, 2, ...) (8.48)

Substituting the above results into equation 8.27 yields:

Z(z) = E
[
exp

(
iπqz

L

)
+ exp

(−iπqz

L

)]
(8.49)

Which becomes:
Z(z) = 2E cos πqz

L
= E ′ cos πqz

L
(8.50)

The relationship between circular frequency (in Hz) and angular frequency (in rad/s) is
given by:

ω = 2πf (8.51)

The third and last boundary condition imposes the periodicity of the pressure field inside
the domain. Therefore, from equation 8.28:

Θ (θ) = Θ (θ + 2πk) (where k = 0, 1, 2, ...) (8.52)
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Another condition is that equation 8.36, which defines the relationship between separation
constants, must be satisfied for all cases. Therefore, by substituting equations 8.43, 8.48
and 8.51 into it, and by solving for the circular frequency, one obtains:

fm,n,q = a∞

2

[(
αmn

R

)2
+
(

q

L

)2
]1/2

(8.53)

Which are the acoustic oscillation frequencies, for each mode, where m, n and q are
denoted as wave numbers (zero or integers). Different combinations of these wave numbers
lead to particular acoustic modes: m refers to radial oscillation; n to tangential oscillation;
and q to longitudinal oscillation. If two or three of the wave numbers are not null, then
it characterizes a combination mode, in contrast to a pure mode.

The acoustical behavior of the combustion chamber can be written as the sum of all
possible acoustical modes, since each one of them may co-exist inside the cylindrical cavity,
given the superposition principle is applicable to the linear equation 8.15. Meanwhile, the
pressure disturbance distribution can be written, after substituting equations 8.26, 8.28,
8.41 and 8.50 into 8.17, as:

p(r, θ, z, t) =
∑

m,n,q

AJn

(
παmnr

R

)
[C exp(inθ) + D exp(−inθ)][

E ′ cos
(

πqz

L

)]
[G exp(iωt) + H exp(−iωt)]

(8.54)

Since the acoustic pressure is always a real quantity, the above equation may be rewritten
as follows:

p(r, θ, z, t) =
∑

m,n,q

[
Jn

(
παmnr

R

)
cos
(

πqz

L

)]
(Ā cos(nθ) cos(ωt)

+ B̄ cos(nθ) sin(ωt) + C̄ sin(nθ) cos(ωt) + D̄ sin(nθ) sin(ωt))
(8.55)

Where Ā,B̄, C̄ and D̄ are real constants related to the complex ones in equation 8.54.
The equation can be further rearranged into:

p(r, θ, z, t) =
∑

m,n,q

[
Jn

(
παmnr

R

)
cos
(

πqz

L

)]
[M cos(nθ + ωt − δ1)

+ N cos(nθ − ωt − δ2)]
(8.56)

Where:
Ā = M cos δ1 + N cos δ2 (8.57)

B̄ = M sin δ1 − N sin δ2 (8.58)

C̄ = M sin δ1 + N sin δ2 (8.59)
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D̄ = −M cos δ1 + N cos δ2 (8.60)

Equation 8.56 reveals that the wave motion inside a closed cylinder cavity is composed
by standing longitudinal (q) and radial (m) modes and by two tangential modes (n) that
rotate in opposite directions. While longitudinal and radial modes are refrained by the
rigid boundaries, the tangential modes are free to travel. Nonetheless, when M = N , a
standing tangential mode is established, by means of the combination of tangential modes
spinning in different directions.

The first spinning tangential mode is proven, historically, to be most harmful inside the
combustion chamber of a liquid rocket engine. The hazard is due to increased heat transfer
to the walls of the chamber, caused by combustion products travelling unrestrained around
its circumference (Bennewitz and Frederick, 2013). Conversely, the longitudinal mode is
of less concern: it is the most stable, since the nozzle provides considerable damping and
the physical and chemical processes near the injector face are not so sensitive to unsteady
motions normal to the face (Anderson and Yang, 1995).

Figure 8.1 – Pressure field of the first three tangential (T) and radial (R) modes inside a cylindrical cavity

Source: (Losco, d’Agostino, and Paganucci, 2015)
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Figure 8.2 – Modes of vibration inside a cylindrical cavity.
(a) Longitudinal mode. (b) Radial mode. (c) Standing tangential mode. (d) Traveling tangential mode

Source: (Zucrow and Hoffman, 1977)

8.3 PASSIVE CONTROL TECHNIQUES

Passive control techniques with regard to combustion instability consist on the installation
of physical devices inside the combustion chamber which act in such a manner as to
reduce the coupling between combustion processes and acoustic modes or by increasing
the inherent damping of the chamber. In the following subsections, two of the most
popular elements will be discussed: baffles and acoustic cavities.

8.3.1 BAFFLES

Baffles have been extensively employed as means of preventing combustion instabilities
driven by tangential acoustic modes. One of its most notorious uses was on the F-1 engine,
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which powered the first stage of the Saturn V rocket. After many catastrophic failures at
the test stand, a cluster of radial and concentric metal barriers protruding from the face
of the injector was envisioned as a way to counteract the unstable pressure waves inside
the combustion chamber.

Figure 8.3 – Close-up view of the F-1 injector and detail of the copper baffles

Source: (Jetzer, 2020)

Despite its common use, the mechanisms by which baffles work are not entirely understood
(Bennewitz and Frederick, 2013). The proposed theories can be divided into two classes.
The first one postulates that baffles reduce the coupling between the combustion processes
and the acoustic modes of the engine, by disrupting transverse gas motion or by creating
compartments within the chamber with high acoustic frequencies, which results in lower
coupling. The second class suggests that baffles increase the damping in the combustion
chamber, through the dissipation of oscillatory energy by baffle tip vortices or simply due
to drag (Keller, 1974).

Therefore, to this day, most of the development of baffles still rely on a trial-and-error
approach. The optimal number and length of baffles for a given configuration, as well
as the size of the compartments, are still a subject of study. Some recent work has been
developed on the field: (Lubarsky et al., 2008) has investigated the control of combustion
instability due to tangential modes by means of an asymmetric baffle, which was grad-



64

ually inserted on the combustion chamber, to good results (instability was completely
suppressed when the baffle was introduced between 10 − 30% of the combustion chamber
diameter).

8.3.2 ACOUSTIC CAVITIES

Acoustic cavities are discrete cavities placed near the injector face whose function is to
remove oscillatory energy from the combustion chamber, thus providing damping. They
are essentially Helmholtz resonators, and therefore they must have a resonant frequency
which matches the frequency of the acoustic mode which one wants to dampen.

Figure 8.4 – Model of a resonator. The neck and cavity portions are easily distinguishable

Source: (Kim, 2010)

To find the natural frequency of a Helmholtz resonator, one must find its governing
equation, in function of the cavity pressure. In order to derive it, the work by (Kim,
2010) will be used as reference.

First and foremost, the following mathematical formulation is based on the assumption
that the volume V of the resonator chamber is much smaller than the cube of the wave-
length λ of the disturbance, as follows:

V << λ3 (8.61)

As such, the entire medium inside the resonator chamber can be said to have constant
dynamic characteristics (at a specific point in time) and move in phase.

Once this assumption is made, it can be better understood how the resonator works:
once excited by an acoustic wave, the fluid particles on the neck portion of the resonator
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(which can be treated as one single mass) will compress the fluid particles inside the
cavity (which can be treated as a linear spring). Therefore, it can be reasoned that the
single mass at the neck will display an oscillatory behaviour, with its kinetic energy being
converted to elastic potential energy stored in the cavity, and vice-versa. The energy now
inherent to this system was stolen from the acoustic wave, which thus became damped.
Maximum damping is achieved when the resonant frequency of the resonator is equal to
the frequency of the acoustic wave.

In order to find the governing equation for the pressure inside the cavity, it is logical
to relate the time rate of change of pressure to the time rate of change of the volume
occupied by the fluid particles sitting inside the cavity. If this changes are small enough,
the above relation can be expressed by the following linear equation:

dp

dt
∝ −dV

dt
(8.62)

The proportionality symbol can be substituted by the proportional constant CA, which is
called acoustic compliance:

CA
dp

dt
= −dV

dt
(8.63)

One can then rewrite the equation for the rate of change of the volume by applying the
principle of mass conservation:

dV

dt
= −Au(t) (8.64)

Where A is the cross sectional area of the neck (as seen in Figure 8.4) and u(t) is the
velocity of the fluid, also at the neck. This leads to:

dp

dt
= 1

CA

Au(t) (8.65)

Considering the fluid motion at the neck and applying Newton’s second law yields:

pout − pin = ρol
du

dt
(8.66)

Where l is the length of the neck and ρo is the density of the fluid particles at the neck.
By substituting equation 8.66 into equation 8.65 and making pin = p, one can obtain:

p + ρol

A

(
CA

d2p

dt2

)
= pout (8.67)

Which is the governing equation for the pressure p inside the acoustic cavity, describing
its response to an excitation sound pressure pout. It resembles the equation for a vibrating,
undamped single degree of freedom system, as expected, and thus its natural frequency
is given by:

ωn =
√√√√ 1

ρol
A

CA

(8.68)
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In order to determine CA, one must apply the law of conservation of mass, this time to
the fluid sitting inside the cavity:

ρoV = (ρo + ∆ρ) (V + ∆V ) (8.69)

Neglecting high-order terms leads to:
dV

dt
= − V

ρo

dρ

dt
(8.70)

Introducing the equation for the speed of sound yields:
dV

dt
= − V

ρoa∞2
dp

dt
(8.71)

Finally, by comparing equation 8.71 with equation 8.63 one finds:

CA = V

ρoa∞2 (8.72)

And thus:

ωn = a∞

√
A

lV
(8.73)

Which is the resonant frequency of a Helmholtz resonator, in rad/s. In Hertz:

fn = a∞

2π

√
A

lV
(8.74)

The length l of the neck is usually substituted by an effective length l′, to account for fluid
particle around the resonator moving out of phase around the neck. This correction is
deemed "end correction", and different relationships are proposed by (Kim, 2010), (Keller,
1974) and (Ginsberg, 2018) (among others), and are usually dependent on the diameter
of the neck.

Acoustic cavities are usually placed along the walls of the combustion chamber, for two
main reasons: the first one being it is easier to manufacture; the second one is the fact
that this is a location where a pressure antinodes exists for all acoustic modes (Sutton
and Biblarz, 2016).

8.4 ANALYSES AND RESULTS

Given its aforementioned catastrophic potential, the first spinning tangential mode was
chosen as the acoustic mode to suppress inside the combustion chamber of the herein
developed liquid rocket engine.

The first step was to find the frequency associated with this mode, by means of equation
8.53, which requires the knowledge of both the the diameter of the combustion chamber
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and the speed of sound inside it. The combustion chamber diameter Dc was set to 106 mm,
after imposing a contraction ratio (combustion chamber cross-sectional area over nozzle
throat area) of 6.

The speed of sound was computed as follows:

a∞ =
√

kRTc =
√

1.17 × 8314.46
24.2

× 2938.2 = 1 087 m/s (8.75)

Finally, for the first spinning tangential mode, m = q = 0 and n = 1, which yielded:

fm,n,q = a∞

2

[(
αmn

R

)2
+
(

q

L

)2
]1/2

= a∞

2
αmn

R
= 1087

2
0.586
0.106

2
= 6 009.3 Hz (8.76)

This frequency will also be important for defining the sampling frequency of the pressure
transducer on the static test: it should be at least two times higher to comply with the
Nyquist−Shannon sampling theorem, if this mode is to be measured.

In order to dampen the first spinning tangential mode, acoustic cavities were chosen over
baffles as a passive control device, given their behaviour is currently better understood.
The design consists in ten acoustic cavities uniformly distributed around the entire pe-
riphery of the combustion chamber, with two of them exhibiting resonant frequencies
equal to the one computed above, two having resonant frequencies 5% higher, two having
resonant frequencies 5% lower, two having resonant frequencies 10% higher and the last
ones having resonant frequencies 10% lower than the nominal one. The ten cavities can
be seen in Figure 9.1. This approach aims at dampening the mode even if its frequency
reveals itself to be slightly off from the theoretical one, which is expected to happen.

Figure 8.5
– A pair of acoustic cavities is highlighted. The combustion chamber is at the bottom of the figure

Source: Produced by the authors Ceotto & Tavares
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To account for the effective length l′ of the resonator, the procedure outlined by (Ginsberg,
2018) was employed:

l′ = l + 2
(8a

3π

)
(8.77)

Where a is the radius of a circle whose area matches that of the rectangular cross section
of the neck.

In order to change the resonant frequencies between the pairs of resonators, the length
of the cavity was altered. Table 8.2 contains the most important design parameters with
respect to the five pairs of resonators.

Table 8.2 – Design parameters of the five pairs of acoustic cavities

Acoustic cavities 1st pair 2nd pair 3rd pair 4th pair 5th pair
Length of neck (mm) 4.0 4.0 4.0 4.0 4.0
Width of neck (mm) 2.0 2.0 2.0 2.0 2.0
Depth of neck (mm) 2.0 2.0 2.0 2.0 2.0

Eff. length of neck (mm) 5.92 5.92 5.92 5.92 5.92
Cavity radius (mm) 4.0 4.0 4.0 4.0 4.0
Cavity length (mm) 11.1 10.1 12.4 9.2 13.8

Resonant frequency (Hz) 6009 6310 5709 6610 5408

The order of magnitude of the volume of the cavities is 10−7, while the order of magni-
tude of the cube of the wavelength is 10−3, which is in accordance with the assumption
presented in equation 8.61.
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9 INJECTOR ASSEMBLY AND TEST STAND DESIGN

9.1 INJECTOR ASSEMBLY

A conceptual design for the injector assembly is proposed. The goal was to come up with
a model that was easy to assemble and not too challenging to manufacture. Nevertheless,
calculations will be carried out in future work in order to verify if this design is suitable
under the expected structural and thermal loads.

Ethanol is fed to the injector through the axial port, while nitrous oxide is fed through
the lateral one.

Figure 9.1 – CAD render of the injector assembly - Front View

Source: Produced by the authors Ceotto & Tavares
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Figure 9.2 – CAD render of the injector assembly - Rear View

Source: Produced by the authors Ceotto & Tavares
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Figure 9.3 – Cross-section view of the injector assembled to the combustion chamber

Source: Produced by the authors Ceotto & Tavares
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9.2 TEST STAND DESIGN

As the future goal of the present work is to conduct a hot-firing test of the designed liquid
rocket engine, significant effort has been made to appropriately plan the experiment.

The focus of this first draft of the hot-firing test bench was determining the main com-
ponents which needed to be present for testing, the pipping system necessary to connect
them, where to place valves, the necessary safety systems, and the desired instrumenta-
tion.

In each section of this chapter, each matter is discussed to its own right. However, it is
important to emphasize that this is only a first draft of the test bench and shall evolve in
every aspect before being fully implemented.

9.2.1 MAIN COMPONENTS

The test bench will support the following 7 main components:

• Oxidizer tank;

• Fuel tank, with refuelling capability;

• Pressurizing gas tank;

• Engine injector;

• Combustion chamber;

• Nozzle;

• Cooling System.

The oxidizer tank shall be a commercial off the shelf (COTS) saturated N2O tank, self-
pressurized to about 60 bar. In order to obtain the necessary oxidizer mass flow ratio
during the hot-fire, the liquid N2O must be consumed. Therefore, this tank will need to
be flipped up-side down and fixed accordingly.

The fuel tank, on the other hand, will be a custom designed pressure-vessel manufactured
in-house to hold ethanol at 60 bar. After the empty depressurized tank is partially fueled
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with the desired amount of ethanol before each hot-fire, it will be pressurized again with
nitrogen gas.

This nitrogen gas will come from a commercial off the shelf N2 tank, unmodified to guar-
antee its safety. Another nitrogen gas tank will also be used as a purging and extinguishing
system. This tank will be explained in the safety systems section.

Finally, the last main components are the injector, combustion chamber and nozzle. The
nozzle and the combustion chamber shall be equipped with a cooling system, where
ethanol will be used to keep both systems and their maximum working temperature
before being re-injected for combustion.

9.2.2 SAFETY SYSTEMS

The integrity of the system, the infrastructure and the safety of the researchers carrying
out the hot-firing is the main priority during each test.

To certify that every hot-fire can be performed without hazards, it is important to have
safety systems in place which prevent accidents from happening as well as act to mitigate
problems if the do occur.

The first line of safety that shall be employed is the appropriate evacuation of the room
in which the test bench will be located. For this to be possible, many systems will need to
be operated remotely. Therefore, the main valves, which control the flow of the oxidizer,
the fuel and the purge gas will be solenoid valves operated from a distance. Furthermore,
instrumentation shall be digital, also facilitating remote operation.

The second safety system in place are no-return valves which certify that each fluid can
only flow in the desired direction, out of the reservoirs.

The third system is the purge gas injection itself. To avoid fuel and oxidizer left-overs after
each firing, a purge gas will be used, cleaning up the piping, the injector, the combustion
chamber and the nozzle.

The purge system can also be used as a final safety mechanism in case a hazard is created
inside the combustion chamber, for example, due to combustion instability or due to
material failure. In such case, the purge gas should be released rapidly, extinguishing any
flames and cooling down the systems.
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9.2.3 INSTRUMENTATION

A detailed planning of the instrumentation will be need to collect the desired data from
each hot-firing. For now, a key set of sensors are already known to be useful.

First, pressure and temperature shall be measured along the each line of fluid, which
includes the oxidizer line and the fuel line. Furthermore, these sensors are needed right
after the fluids leave their tanks and right before they go into the injector.

Flow meters will also be used to determine the volumetric flow rate of the fuel and oxidizer.
Combined with data from the pressure and temperature sensors, the mass flow rate of
each fluid will be determined.

It is important to not that the type of each sensor has not yet been determined.

9.2.4 EXPERIMENT DIAGRAM

Combining the components of the test bench, together with the safety systems and the
instrumentation, a first diagram of the experiment can be formed. It is shown in Figure
9.4.

The piping has been though-out to accommodate the necessary valves and instrumenta-
tion, although further analysis of the piping for the cooling system is yet to be performed.

Overall, this first draft of the experiment diagram already contains important details of
what the test bench will become. Most importantly, it helps answer questions such as how
the experiment will be controlled and performed. Furthermore, it also raises key points
that still need to be determined, such as the infrastructure to hold and fix each system
and the necessary exhaust evacuation lines.
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Figure 9.4 – Piping and instrumentation diagram of hot-firing experiment.

Source: Produced by the authors Ceotto & Tavares
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10 CONCLUSION

The main performance parameters of a small-scale rocket engine with ethanol and nitrous
oxide as propellants were computed. From these specifications, an analytical analysis was
carried out to design both the pressure-swirl ethanol injector and the nitrous oxide plate
orifice injector.

For the ethanol injector, results from numerical simulations were confronted with the
outputs from the analytical results. The Volume-of-Fluid method showed great agreement
with respect to discharge coefficient and film thickness at the exit, while the spray cone
half-angle was considerably lower than expected due to viscosity.

Three new mechanisms for ethanol-nitrous oxide combustion were created and confronted
against each other, on the basis of ignition delay. Although they showed similar behaviour,
the Marinov + Mevel model was chosen for the one-dimensional reactor simulation, which
allowed to calculate the lifetime of ethanol droplets and the combustion chamber length.

Furthermore, combustion instability was studied, with the frequency for the first spinning
tangential acoustic mode (considered to be the most harmful for liquid engine operation)
being computed, and acoustic cavities being designed as passive control devices to suppress
this mode.

Moreover, a preliminary diagram of the test bench for the rocket engine was developed,
along with the conceptual design of the injector assembly.

Future work will be focused on improving the numerical simulations for the ethanol in-
jector and on carrying out cold flow tests (for both of the injectors) and a static fire
test.
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