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PREFACE

This document describes a study on detonations and deflagration-to-detonation

transition (DDT) in nitrous oxide mixtures. This work aims at bridging the lack

of knowledge regarding detonations in undiluted nitrous oxide mixtures at initial

pressures greater than 1 atm. This will ensure a database of detonation properties

which could enable the design and development of propulsion systems and prevent

explosion hazards.

At this point, it is important to note that nitrous oxide, like any other oxidizer

must be treated with the highest respect and is extremely dangerous when handled

without proper care. This statement is based on the fact that nitrous oxide can

exothermically decompose above 850 K and also in the presence of impurities. The

hazardous incidents associated with this behavior of nitrous oxide are highlighted in

the references cited in Chapter 2. The results and conclusions of this work indicate

higher detonation pressures and larger pressure fluctuations with nitrous oxide as the

oxidizer than with oxygen, which suggest highly unstable detonations. Additionally,

special care must be taken in selecting pressure regulators, valves and other flow

devices to be used with this gas as certain sealing materials in these devices may

not be compatible with nitrous oxide. Due to these reasons, anyone pursuing to use

nitrous oxide as a propellant must have an intimate understanding of the oxidizer, its

combustion properties with different fuels and experience with high-pressure system

design to mitigate risks which all strong oxidizers pose.

In addition to the results in this document, it is highly recommended that the

reader reviews the long list of references in Chapter 2 prior to working with nitrous

oxide. The experimental setup described in Chapter 3 provides some guidance on

the design of combustion chambers to study high-pressure detonations and the the-

oretical calculations included in Chapter 4 illustrates a method to study combustion
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properties with nitrous oxide and other oxidizers before experimental investigation.

The author welcomes any questions regarding the proper handling of this oxidizer

and any suggestions to improve operational standards used in this work.
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ABSTRACT

Bangalore Venkatesh, Prashanth Ph.D., Purdue University, May 2020. A Study of
Detonations, DDT and Deflagrations in High Pressure Ethylene-Nitrous Oxide Mix-
tures. Major Professor: Sally P. M. Bane.

Nitrous oxide (N2O) has gained popularity as a unique oxidizer due to its ability

to decompose exothermically, producing nitrogen and oxygen. Additionally, there are

concerns about the safety of nitrous oxide in the nuclear industry where it has been

observed that stored nuclear waste generates and retains large amounts of flammable

gases such as hydrogen and ammonia along with nitrous oxide. These gases are at

risk of explosion even in the presence of a weak ignition source which can result in

detonations more violent than those initiated directly. Nitrous oxide is also finding

an application in the geothermal industry where it is being tested in combination

with ethylene as a stimulant mixture to fracture rock. The detonations initiated in

this mixture have the ability to produced a network of fractures in the rock forma-

tion. In the rocket industry, nitrous oxide has been used for propulsion in multiple

systems, but never in a detonative mode. In order to use nitrous oxide in these

areas, its detonation properties in combination with a fuel require quantification.

Available literature on nitrous oxide-hydrocarbon detonations is mainly restricted to

initial pressures below one atm or with dilution. Therefore, detonations with nitrous

oxide as the oxidizer are far from being completely characterized. In addition to this

lack of general knowledge, understanding of nitrous oxide-fuel detonations at higher

pressures, more typical of practical combustion systems is either extremely limited or

non-existent.

In the current work, the flame acceleration, deflagration-to-detonation transition

(DDT), and detonation properties of a bipropellant mixture of ethylene (C2H4) and

N2O are studied as a function of initial pressures. These properties are compared to
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those in mixtures of ethylene-oxygen (O2). These detonations are investigated in a

combustion tube designed and fabricated in-house. The performances of these two

mixtures are also investigated using theoretical Chapman-Jouguet detonation calcula-

tions as a basis of comparison with the measured properties. Additionally, detonation

properties in a mixture of acetylene (C2H2) and nitrous oxide are also investigated

to compare the two fuels. While C2H2 is a highly energetic fuel with theoretically

high performance, it presents serious practical storage concerns when considered for

propulsion applications. These practical issues motivates the investigation of C2H4

as a potential alternative fuel, which is relatively easy to manage.

A critical requirement for the application of bipropellant mixtures to detonation

systems is rapid flame acceleration to achieve significant chamber pressure rise in a

short distance with the potential for a prompt transition to detonation. This DDT

behavior of mixtures using N2O and O2 with C2H4 and C2H2 is investigated for

increasing initial pressures in the experimental portion of this work. This behavior is

quantified by measuring the run-up distances leading to DDT. The pre-compression of

the bipropellant mixtures during flame acceleration caused by the accelerating flame

is also estimated and directly measured using appropriate instrumentation. These

direct measurements of pre-compression are further used to estimate the path of the

accelerating flame in the combustion tube. These estimates are compared with the

flame tracked by high-speed imaging in an optically accessible combustion tube.
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1. INTRODUCTION & BACKGROUND

Detonations have been scientifically observed since the 15th century and studied since

the beginning of the 19th century. One of the earliest investigations into this com-

bustion regime was associated with dust explosions in coal mines by Mallard and Le

Châtelier [1]. Detonations can originate from explosives, which Lee [2] describes as

highly energetic substances with fast reaction rates and can be in gaseous, liquid, or

solid form. Upon ignition, chemical reactions can propagate through an explosive at

supersonic speeds as a detonation wave, which is a compression shock with an abrupt

increase in the thermodynamic state, initiating chemical reactions. Due to the su-

personic speeds, the unburned explosive is not affected by the detonation upstream

of it. The energy released in the reaction zone behind the shock front supports its

propagation and the velocity of the detonation is unsteady. The released energy is

converted to internal and kinetic energy of the wave and the self-sustenance of a det-

onation wave is attributed to the gradients in properties across the wave. The shock

front and the reaction zone in a detonation are separated, and this distance between

the shock and reaction zone varies depending on whether the detonation is traveling

in a medium close to its limits of detonability or in a readily-detonable mixture and

on whether it is a gaseous or two-phase medium [3].

Detonations are one of two broad classifications of combustion waves, with de-

flagrations being the other. A deflagration wave is used to describe all stages of

flame development from propagation at the normal laminar burning velocity to the

flame-shock complex immediately prior to complete coupling between reaction zone

and the shock [3] and transition to detonation. A deflagration wave thus propagates

at subsonic velocity relative to the reactant mixture ahead of it. Depending on the

conditions, an accelerating flame or deflagration can transition to a detonation. The
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distance between the ignition location and the point of this deflagration-to-detonation

transition (DDT) is referred to as the run-up distance.

Theoretically, detonation waves in gaseous explosives are better understood than

those observed in condensed phase medium. This makes it relatively convenient to

predict or compare experimental data from detonations involving gaseous reactants

with predictions. There are two classical theories which describe detonations: the

Chapman-Jouguet (CJ) theory and the Zeldovich, von Neumann and Döring (ZND)

theory. These theories are briefly discussed in Sections 1.1 and 1.2 of this chapter

as background to the theoretical calculations presented in Chapter 4. Finally, the

project organization is outlined at the end of this chapter.

1.1 Chapman-Jouguet (CJ) Theory

The Chapman-Jouguet model (CJ model) is based on the analysis of the con-

servation equations across a shock wave developed by Rankine and Hugoniot. The

original model proposed independently by Champman [4] and Jouget [5] incorporates

an energy input term in the traditional Rankine-Hugoniot analysis. For a detonation

wave, the transformation of the reactants into products across the wave results in

the release of chemical energy. Assuming chemical equilibrium downstream of the

wave, the composition of the products can be determined as a function of the ther-

modynamic state, and thus the chemical energy released across the detonation can

be determined [2].

For this analysis, a fixed combustion wave is considered with the reactants entering

the wave from the right and leaving towards the left, as shown in Figure 1.1. The

initial and final states are defined by the pressure (p), density (ρ) and enthalpy (h)

of the flows in these regions and Q is the energy addition per unit mass of the flow

behind the shock. The conservation equations of mass, momentum, and energy for

one dimensional steady flow across the combustion wave in a shock-fixed coordinate

system are given by
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ρ0u0 = ρ1u1 (1.1)

p0 + ρ0u
2
0 = p1 + ρ1u

2
1 (1.2)

h0 +
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0
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+Q = h1 +

u2
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(1.3)
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Q

u1 u0

Figure 1.1. Initial and final states for the CJ analysis in shock-fixed
coordinates. Subscripts 0 and 1 denote reactant and product states,
respectively.

Figure 1.2. The tangency or CJ solutions [2]. In this figure only, v on
the x-axis is the specific volume or v = 1/ρ.

Combining Equations 1.1 and 1.2 gives the Rayleigh line:
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ρ20u
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p1 − p0
1
ρ0

− 1
ρ1

(1.4)

Additionally, Equations 1.1 and 1.2 are used to eliminate the velocity terms in the

energy equation, Equation 1.3, and obtain the reaction Hugoniot curve, which repre-

sents the locus of downstream conditions for a given upstream or initial condition:

γ

γ − 1

(
p1
ρ1

− p0
ρ0

)
− 1

2
(p1 − p0)

(
1

ρ0
+

1

ρ1

)
= Q (1.5)

The condition when the Rayleigh line is tangent to the Hugoniot curve provides

two solutions: a minimum-detonation-velocity solution and a maximum-deflagration-

velocity solution. These tangency solutions are referred to as the CJ solutions and

are shown in Figure 1.2. At the minimum-detonation-velocity condition, the shock is

moving at the CJ detonation velocity, DCJ and the equilibrium state behind the deto-

nation is defined by the CJ detonation pressure (PCJ), density (ρCJ) and temperature

(TCJ).

These equilibrium properties are computed by solving the Rayleigh and Hugoniot

equations simultaneously for the minimum-detonation-velocity condition, with the

assumption that PCJ is much greater than p0 and that the specific heat ratio does

not change between the reactants and products. The solution results in the following

expressions:

D2
CJ ≈ 2

(
γ2 − 1

)
Q (1.6)

PCJ

p0
= 1 +

D2
CJ

(γ + 1)

ρ0
p0

(1.7)

ρCJ

ρ0
=

γ + 1

γ
(1.8)

TCJ

T0

≈ 2γρ0Q

p0

(
γ − 1

γ + 1

)
(1.9)

These relations illustrate significant dependencies of the CJ detonation properties

on the reactant properties. In particular, the relative trends in measured detonation
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pressures and estimated detonation velocities from this work can be explained based

on these dependencies. The CJ detonation velocity is mainly dependent on the heat

of reaction and the ratio of specific heats, which do not vary appreciably with increase

in the initial pressure. However, heat of reaction and ratio of specific heats vary as

a function of equivalence ratio thereby resulting in a variation of detonation velocity

as a function of mixture ratio. The CJ detonation pressure is function of the CJ

detonation velocity and the initial density of the reactants. The variations in these

theoretical CJ detonation properties for the mixtures considered in this study are

presented in Chapter 4 and compared to measurements in Chapter 5.

1.2 Zeldovich, von Neumann and Döring (ZND) Theory

The CJ theory is a purely thermodynamic analysis and neglects any description

of the detonation structure, but the detonation structure essentially provides details

of the transition processes from reactants to products. The details of the structure

provide insight into the propagation mechanism of the detonation wave. Zeldovich,

von Neumann and Döring incorporated the well-known concept of ignition via shock

compression into their detonation model and described the structure as comprising a

leading shock front followed by a chemical reaction zone. Due to the Second World

War, the three researchers were unaware of each other’s work and so this detona-

tion structure model is now referred to as the Zeldovich-von Neumann-Döring (ZND)

model. Zeldovich predominantly studied the effects of heat and momentum losses

within this structure on the propagation of the wave and concluded that these losses

to the walls result in a detonation velocity less than the equilibrium CJ value. An-

other conclusion of this theory, based on von Neumann’s analysis, is the existence

of detonations which have velocities higher than the equilibrium CJ value. In addi-

tion to this, Döring concluded that the chemical reaction does not occur immediately

behind the shock wave but rather at some non-negligible distance downstream and

thus the shock leading the detonation wave can be decoupled from the chemical reac-
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tions [2]. This ZND detonation structure can be schematically represented as shown

in Figure 1.3.

ρ0

p0

u0

λ0 = 0

Reactants

Induction and 
reaction zonesProducts

ρ
p
u

λ

ρ1

p1

u1

λ1 = 1 

ShockCJ plane

Figure 1.3. Schematic representation of ZND detonation wave in
shock-fixed coordinates. λ represents the extent of chemical reaction.
Representation is similar to that in [2].

The ZND theory assumes a unidimensional flow with a leading shock represented

by a discontinuity, as in the CJ theory. However, the chemical reaction does not

occur directly behind the shock. Instead, the shock is followed by a region where

chemically active species are produced at a finite rate at the high temperature and

pressure of the shocked medium. The overall chemical reaction is represented by a

single forward-rate process, gradually progressing to completion some distance behind

the leading shock. This region immediately behind the shock is called the induction

zone and is characterized by an induction time τi. The assumption is that the overall

reaction rate in this region is controlled by a highly endothermic and slow reaction

step. This induction time is dependent on the temperature (Ts) and density (ρs) of

the shocked gas through an Arrhenius expression of the form [3]

τi ∝
1

ρns
exp

(
Ea

RTs

)
(1.10)

The pressure history associated with the ZND detonation structure includes the

von Neumann spike, a region of constant pressure equal to the post-shock pressure

(Ps), where thermoneutral chain-branching reactions occur. This is followed by a

region of rapid pressure decrease due to recombination reactions, which culminates
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at the CJ plane. Finally, there is a Taylor expansion wave with its head at the CJ

plane. This pressure profile is shown in Figure 1.4. However, the constant pressure

region (von Neumann spike) is too thin to be resolved even by fast response pressure

transducers due to the relatively large size of their sensing surface areas. Therefore,

a pressure transducer will only measure a pressure close to and slightly greater than

the CJ detonation pressure and as illustrated by curve (b) in Figure 1.4.

Figure 1.4. (a) Idealized ZND pressure profile and (b) experimental
profile in 2H2 + O2 mixture at p0 = 100 torr from [3]. τi is the
induction time and τr is the recombination time.

1.3 Project Objective and Organization

In the present work, the use of nitrous oxide and ethylene as a bi-propellant mix-

ture at elevated initial pressures is investigated. Nitrous oxide is an energetic oxidizer

which has added benefits such as ease of handling, storability at room temperature,

and high vapor pressure. Additionally, ethylene is a stable small chain hydrocarbon,
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unlike acetylene which has additional energy stored in its double bond. The high

vapor pressure of these gases makes them self-pressurizing propellants, thereby im-

proving ease of usage in a rocket engine. It is also known that both nitrous oxide

and ethylene are mixable over a wide range of temperatures and have nearly equiva-

lent vapor pressures. This bi-propellant mixture has only recently being investigated

in a deflagrative rocket, but their detonations have not yet been investigated. Bi-

propellants currently being used in detonation rocket engines have been thoroughly

characterized in the detonation regime and models exist to predict their performance.

Thus, characterizing the detonation properties of ethylene-nitrous oxide will enable

the investigation of this energetic mixture for use in detonation engines which are

increasing in popularity. This characterization involves accurate measurement of det-

onation pressure, detonation velocity, cell-width and run-up distance over a range of

initial conditions such as initial pressure and temperature, equivalence ratio, ignition

energy and dilution.

Literature on nitrous oxide provides detonation properties in combination with

fuels such as hydrogen, methane and ammonia. Similarly, literature on ethylene

includes detonation experiments and simulations with oxygen and air, which are

the most common oxidizers. Most of the previous experimental work is either at

sub-atmospheric initial pressures or with nitrogen/argon dilution. Additionally, re-

searchers have developed and improved detailed and reduced chemistry models for

nitrous oxide combustion with hydrogen and small hydrocarbons based on shock

tube and flame measurements. These chemistry models can then be used to provide

a good estimate of ethylene-nitrous oxide combustion properties. Information from

ethylene-oxygen detonation experiments provide an order of magnitude assessment of

the detonation properties to expect from ethylene-nitrous and the design of the ex-

perimental setup for the current project is based on this review. The next chapter in

this document details these references and reviews some important studies involving

nitrous oxide flames, chemical kinetics, detonations and propulsion systems. It also

includes a brief section on flame acceleration and DDT studies.
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Following this, Chapter 3 describes the design, working and instrumentation of

the experimental setup used to study flame acceleration and detonation properties

in ethylene-oxidizer mixtures. Next, a discussion on theoretical calculations of deto-

nation and flame properties is included in Chapter 4. The values obtained from CJ

detonation calculations are later used for comparison with measurements from exper-

iments. The flame properties are included to help explain run-up distance and flame

acceleration trends resulting from experiments. The measured detonation pressures

and average velocities from experiments are discussed in Chapter 5 along with com-

parisons to CJ detonation pressures and velocities. Finally, Chapter 6 presents the

estimated run-up distances and pre-compression. The pre-compression is measured

using appropriate pressure transducers and is visualized in an optically accessible

planar detonation tube.

The main objectives of this project can be summarized as follows:

1. Measure detonation pressure, velocity and run-up distance for ethylene-nitrous

oxide as a function of initial pressure.

2. Measure these properties for ethylene-oxygen in the same experimental setup

for one-to-one comparison.

3. Compare the performance of ethylene to that of acetylene with nitrous oxide

since acetylene is a more energetic fuel, but unstable.

4. Investigate the effect of different ignition energies on the run-up distance (2

levels).

5. Measure the pre-compression of the unburned gas mixture prior to DDT in

order to understand the mixture’s behavior in a constant volume combustor.

6. Study deflagrations and flame acceleration (FA) in ethylene-nitrous oxide in an

optically accessible combustor.

Preliminary work with this bi-propellant mixture at higher initial pressures shows

an extremely fast transition to detonation in a short, closed tube 24.5 inches long
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with a 4 inch inner diameter using a weak ignition source [6]. The results from these

earlier tests suggest that a steady detonation can be established in a combustion

tube of larger L/d ratio and the associated flame acceleration prior to DDT could

be studied more accurately. These preliminary results are discussed in Chapter 5

in detail. This fast transition to detonation involving rapid flame acceleration is an

important characteristic for detonation engines. To study the flame acceleration and

DDT behavior of undiluted ethylene/nitrous oxide, this mixture is tested in a large

L/d (= 68) closed tube by igniting the mixture with two different ignition methods.

This project mainly focuses on investigating this bi-propellant mixture over a range

of initial pressures above 1 atm and without any dilution.
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2. LITERATURE REVIEW & MOTIVATION

The decomposition and combustion properties of nitrous oxide (N2O) have been stud-

ied for nearly a century. Technical interest in nitrous oxide intensified in the 1960s

because of the compound’s positive heat of formation, resulting in heat release dur-

ing decomposition. Also, upon complete dissociation the products are pure nitrogen

(N2) and oxygen (O2). These characteristics make nitrous oxide a unique oxidizer for

combustion systems, and ignited interest in using N2O in supersonic wind tunnels to

increase enthalpy to simulate high speed flight conditions.

This chapter presents a review of past research on this bi-propellant mixture and

divides these studies into two categories: 1) detonations and 2) flame acceleration

and DDT. Studies on flames involving nitrous oxide and their chemical kinetics and

nitrous oxide decomposition are included in the second category.

2.1 Detonations in Mixtures Including Nitrous Oxide

A great deal of work was done by the Air Force in the 1960s to characterize the de-

composition and detonability of nitrous oxide at elevated temperatures and pressures.

One of their conclusions was that it was difficult to initiate detonation waves in pure

nitrous oxide, but explosions from high rates of chemical reaction were observed by

Laughrey et al. [7] in 1962. Decades later in 1998, Pfahl et al. [8] also confirmed that

it was not possible to achieve detonations in mixtures with less than 5% hydrogen

in nitrous oxide. Due to this, future investigations into nitrous oxide detonations in-

volved at least one fuel component. In 1962, Bollinger et al. [9] measured detonation

velocities and run-up distances in hydrogen-nitrous oxide mixtures of varying initial

pressures and fuel concentrations in a 79 mm ID tube. They ignited the mixtures by

melting a thin copper wire using a 28 VDC power supply. Their results showed that
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at low fuel concentrations the detonation velocity decreased with increasing initial

pressure, and vice versa at richer concentrations. They also observed that the run-

up distances decreased with increasing pressure but appeared to level off at 10 atm

pressure.

Later in 1997, there was motivation to quantify the detonation cell widths for

N2O-fuel and O2-fuel mixtures as cell size is a metric to assess detonability and can

be correlated with the computed reaction zone thickness behind idealized detonation

waves. This correlation could then be used to predict cell widths at untested con-

ditions. To this end, researchers at the Explosion Dynamics Laboratory at Caltech

used a 11 in. inner diameter, 24 ft. long combustion tube, which was first referenced

in 1993 [10], with an oxy-acetylene driver to study detonations close to CJ conditions.

Akbar et al. [11] studied detonations in the above oxidizers with H2, CH4 and NH3

as the fuels with N2 dilution as another variable. The cell width data for CH4-N2O-

diluent mixtures they published was new information with no comparable data from

other studies. They observed that the average measured wave speeds between con-

secutive pressure transducers were very similar to the equilibrium detonation speed

predictions thereby confirming the accuracy of CJ detonation calculators. They com-

pared cell widths for mixtures without dilution and at an initial pressure of about 1

atm and reported that H2 and CH4 have slightly smaller cell widths with O2 as the

oxidizer than with N2O. The situation was reversed in NH3, which had a smaller cell

width with N2O as an oxidizer versus O2. They attributed the behavior with NH3 to

the possible existence of a direct channel of reaction that is not present in either H2

or CH4. Their correlation of measured cell widths to calculated ZND reaction zone

thicknesses resulted in a power law, but different fuel-oxidizer combinations followed

different power law exponents. This led the authors of [11] to conclude that a physical

theory that would suggest a functional relationship between cell width, reaction zone

thickness and other properties of a mixture was a key missing element in achieving a

general correlation for all combustible mixtures.
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The following year, Pfahl et al. [8] used the same experimental setup as Akbar

et al. [11] to measure detonation cell width, velocity and pressure for a range of

equivalence ratios in hydrogen-nitrous oxide, with and without 30% nitrogen and/or

50% air dilution at 0.7 atm and 295 K. They also investigated the effect of 3% methane

or 3% ammonia addition. The cell width versus concentration curves they obtained

for the above mixtures had the familiar U-shape similar to that of hydrocarbon fuels in

air. The nitrogen dilution cell widths were larger than those with no dilution and those

with additional air dilution were further larger than those with just nitrogen dilution.

When they compared cell widths from nitrous oxide mixtures with those using oxygen,

they observed some difference. For lean mixtures, cell widths were substantially

smaller than in an hydrogen-oxygen-diluent mixture with the same equivalence ratio,

and they attributed this reduction to the exothermic decomposing nature of nitrous

oxide. For stoichiometric hydrogen-nitrous oxide mixtures, the addition of methane

or ammonia resulted in an increase in cell width indicating their role as inhibitors

to the base mixture. The effect of nitrous oxide’s exothermic decomposition was

further discussed by Kaneshige et al. [12]. They stated that detonation velocities

of stoichiometric mixtures were higher when oxygen was used as the oxidizer than

nitrous oxide due to the dissociation of nitrous oxide generating nitrogen which dilutes

the combustion products, thereby offsetting the energy release due to the positive

heat of formation of N2O. However, for fuel-lean mixtures, the energy release from

N2O decomposition can result in a more detonable mixture with nitrous oxide as the

oxidizer than with oxygen.

Most of the experimental studies on fuel-nitrous oxide mixtures were conducted at

sub-atmospheric initial pressure and the limited high pressure work was restricted to

shock tube species measurements. One such work was conducted by Mével et al. [13]

in 2007 to investigate the high pressure behavior of induction delay times in H2-

N2O-Ar mixtures. They discovered that at 9 atm, there was no change in induction

delay times for these mixtures with varying temperatures. Using available data, they

also developed a correlation between cell width and induction length for H2-N2O-N2
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mixtures as a function of equivalence ratio, mole fraction of nitrogen diluent and

initial pressure. This correlation agreed well with experimental data from the above

mentioned studies at Caltech over the entire range of equivalence ratios from lean to

rich. In addition, the shock tube measurements were used to develop a kinetic model

for H2/N2O/Ar that included excited OH∗ radicals

Later, Mével et al. [14] experimentally studied detonations in hydrogen-nitrous

oxide-argon mixtures over ranges of initial pressures and equivalence ratios and mea-

sured the shock velocities and cell widths. They also developed numerical simulations

of the detonation front based on a reduced reaction mechanism. An important aspect

of this work was their analysis of shock velocity variation within a detonation cell

based on numerical calculations. The authors concluded that the leading shock was

highly overdriven with normalized velocity as high as D/DCJ = 1.5 in the beginning

of the cell but dropped to D/DCJ = 0.8 at a normalized cell length of 0.8.

From the above discussion, it is not easy to establish detonations in pure nitrous

oxide, but its ability to exothermically decompose produces high rates of chemical

reactions leading to explosions. The CJ detonation properties of fuel-nitrous oxide

mixtures can be predicted using existing calculators with good accuracy and compared

well with experimental measurements. The comparable cell widths of mixtures with

N2O and O2 indicate similar detonability of both these oxidizers when combined with

the same fuel. For lean mixtures, the exothermic decomposition nature of nitrous

oxide results in comparable or even higher detonability in comparison to oxygen.

Several detonation and shock tube studies on hydrogen-nitrous oxide mixtures led to

the development of kinetic mechanisms which form the basis for hydrocarbon-nitrous

oxide mechanisms. However, there is a gap in fuel-nitrous oxide detonation data at

initial pressures above 1 atm without dilution which the current work aims to bridge.
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2.2 Flame Acceleration & Deflagration-to-Detonation Transition (DDT)

In general, it is very difficult to directly initiate detonations in a combustible mix-

ture and so to understand the development of detonations, it is important to study

deflagrations and the deflagration-to-detonation transition process. Deflagration-to-

detonation transition in combustible mixtures is a stochastic phenomenon and many

studies have been conducted to understand the mechanisms involved and the influ-

encing factors. In 1883, Mallard and Le Châtelier [1] demonstrated the possibility

of both forms of combustion waves existing in the same gaseous mixture when they

observed the transition from a deflagration to a detonation using a drum camera.

They were among the earliest researchers to suggest that adiabatic compression of

the detonation front is the mechanism by which chemical reactions are initiated in the

gas mixture [1]. They interpreted the onset of a detonation as an outcome of violent

flame vibrations based on their imaging. Generally, it is observed that an unstable,

self-propagating deflagration has the tendency to accelerate continuously upon igni-

tion. If the boundary conditions are appropriate, a deflagration will accelerate to a

high velocity before abruptly transitioning to a detonation wave.

In their study on detonations in hydrogen-nitrous oxide mixtures, Bollinger et

al. [15] observed that the run-up distances they measured decreased with increasing

initial pressure, but leveled off as pressure neared 10 atm. They postulated that the

laminar burning velocity, degree of turbulence generated by the accelerating flame,

and initial pressure directly influence the run-up distance of a mixture. The turbu-

lence generated by the traveling flame was quantified in terms of the Reynolds number

due to the flame generated motion, and for fuel-air flames this Reynolds number in-

creased slightly, remained constant, or even decreased with increasing pressure due

to the constant laminar burning velocity. However, the laminar burning velocities of

hydrogen-nitrous oxide increased with pressure in about the same proportion as did

those of hydrogen-oxygen flames, but the latter system had laminar burning velocities

over three times higher than those of hydrogen-nitrous oxide mixtures. So the authors
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theorized that the flame generated turbulence of hydrogen-nitrous oxide flames does

not increase as much as that for the hydrogen-oxygen flames with increasing pres-

sure. This led to a slower decrease in run-distances with nitrous oxide in comparison

to oxygen as pressure increased because the detonation wave formed more quickly

when turbulence was present.

Another important work in this area was that of Wu et al. [16] where they stud-

ied flame acceleration and DDT of stoichiometric ethylene-oxygen in capillary tubes

of 0.5, 1.0 and 2.0 mm diameters. They were the first to observe DDT in micro-

channels and the critical channel diameter provides an insight into the cell width of

the mixture. They used high-speed video to visualize evolution of the visible flame

zone when the mixture was ignited with either a hot wire or a spark igniter. A di-

rect conclusion of their work was that DDT was quicker when ignition energy was

increased as shown by their results with the two ignition methods. The flame tip

velocities they measured in the 1 and 2 mm tubes reached CJ detonation velocity of

this mixture. They observed that the flame zone became brighter as it accelerated

downstream and finally issued an abrupt burst in brightness when it transitioned to a

detonation. The visualized flame zone accelerated quickly to 100− 300 m/s in under

20µs and they attributed this to the fast laminar flame speed and high expansion

ratio of the stoichiometric ethylene-oxygen mixture. This acceleration dissipated at

around 50µs momentarily, and the flame accelerated again. They concluded that the

second acceleration in the flame was due to the stretching of the planar laminar flame

to a parabolic shaped flame front. Based on the the Reynolds number of the flow

ahead of the flame they concluded that the flow was turbulent and that this influences

the transition to detonation. When they tested in the 0.5 mm tube they observed

the effects of quenching on flame propagation with some flames transitioning to a

detonation and traveling at near CJ detonation velocity, some transitioning to a det-

onation but failing to propagate, and finally, some accelerating to a constant speed of

approximately 1600 m/s. These different behaviors indicated that the size of the tube

might have reached the detonation quenching limit for this particular gas mixture.
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Other researchers around this time [17–20] also quantified DDT run-up distances by

detecting the abrupt burst in brightness during transition by using a photodiode.

Moreover, the flame features observed by [16], i.e. two accelerating phases and flame

stretching into a tulip structure, were also noted by other researchers [17,21]. In these

studies [17, 21], the authors also used schlieren visualization to observe compression

waves in the flow ahead of the propagating flame.

Figure 2.1. Sequence of shadow photographs show the evolution of
the flame front during transition from the first to the second stage.
The first frame is taken at 0.5 ms with 0.1 ms between the frames.
Hydrogen-oxygen, p0 = 0.2 bar [21].

The experiments and computations conducted by Liberman et al. [21] showed

three distinct stages in the flame development prior to DDT: (1) the flame accelerates

exponentially producing shock waves far ahead of the flame; (2) the flame acceleration

decreases and shocks are formed directly on the flame surface; and (3) the final stage

of actual transition to a detonation. They explained that during the first stage the

compression waves generated by the accelerating flame steepen to a shock far ahead of

the flame at about 67 channel widths. During the second stage the flame acceleration

decreases and compression waves steepen to shocks directly at the flame front. Shock

waves compress and heat the gases adjacent to the flame front. At this point, a pocket

of heated and compressed unreacted gas mixture, called the preheat zone, is formed

adjacent to the flame. After this, the flame transitions to a detonation. The formation

of the preheat zone ahead of the accelerating flame had been overlooked in previous

studies, but the work by Liberman et al. [21] highlighted it as an important feature of

the flame dynamics for the mechanism of DDT. This preheat zone and the transition
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to a detonation were clearly shown in a series of shadow photographs in Figure 2.2.

In addition to this, Lee [2] found that investigations of DDT in smooth tubes show

that the deflagration accelerates to some maximum velocity on the order of half the

CJ detonation velocity of the mixture just before transitioning to a detonation.

The phenomenon of DDT is characterized by a parameter called the run-up dis-

tance, which is the distance from the ignition plane to the location of DDT. The

above discussed flame acceleration process occurs in this run-up distance and the

accelerating flame behaves like an accelerating piston compressing the unburned mix-

ture ahead of it. This leads to the possibility of pressure-piling, a process leading

to the production of abnormally high pressures that increase with increasing run-up

distances [3]. This process of pressure-piling is further discussed in relation to the

measured data in Chapter 5.

Another important feature associated with the transition to a detonation by an

accelerating flame is the formation of a shock front and reaction zone traveling back

into the products of the flame from the point of transition. This is called the retona-

tion wave. This phenomenon has been captured in observations of DDT as shown in

the shadow photograph of a detonation in ethylene-oxygen mixture in Figure 2.2 [21].

Based on these experimental observations and premixed laminar flame theory,

various 2D and 3D analytical calculations and numerical simulations of flame ac-

celeration and DDT were developed. Bychkov et al. [22] developed a theory and

modeled flame acceleration based on the Shelkin mechanism, which is related to the

non-slip wall condition and the increase in flame velocity due to bending of the flame

front. They theorized that flames with realistically large expansion ratios accelerate

exponentially from a closed end of a tube with nonslip at the walls and that the

acceleration is unlimited until a flame triggers detonation. The theory developed by

Bychkov et al shows that the velocity profile and the thickness of the boundary layers

do not change with distance from the flame in the flow induced by the accelerating

flame. Their model predicts acceleration rate as a function of the expansion ratio

(θ) and the Reynolds number (Re) (based on tube radius and laminar flame speed of
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Figure 2.2. Series of shadow photographs during flame accelera-
tion and transition to detonation in ethylene-oxygen mixture, p0 =
0.12 bar [21].

the mixture). For large values of Reynolds number, Re >> 4θ, the acceleration rate

decreased with increasing Re. While comparing their theory to other mechanisms,

Bychkov and coworkers stressed that the velocity increase obtained from their work

was much stronger than that provided by the mechanism based on the hydrodynamic

Darrieus-Landau (DL) instability of the flame front which is only significant in the

very beginning of the acceleration process. In addition, this study was aimed at

understanding the flame acceleration in narrow tubes a few millimeters in diameter

and the authors concluded that heat transfer to the walls would reduce the flame

acceleration actually observed.

Another simplified model of flame acceleration in tubes was developed by Do-

rofeev [23] based on the hypothesis that the acceleration is directly related to the

generation of a turbulent boundary layer in the flow ahead of the flame. As the flame

advances in the tube, the flame front propagates with the turbulent velocity in the

boundary layer formed ahead of the flame and this is greater than the velocity at



20

the core of the flame. The thickness of the boundary layer ahead of the flame grows

with time while the flow interacts with the wall. Based on this model, the author

developed an expression for non-dimensional run-up distance, Xs/d, as a function of

wall roughness (ϵ), boundary layer thickness and few other experimentally determined

parameters (β and m):
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[
1

κ
ln

(
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d

ϵ

)
+Kc

]
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[
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(
δL
d

)1/3
] 1

2m+7/3
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where κ, Kc and C are constants from [17].

In this work run-up distance was defined as the flame propagation distance where

the flame speed reached the sound speed in the combustion products. The boundary

layer thickness was determined based on the expansion ratio (θ), sound speed in the

combustion products (csp), laminar flame speed (SL) and laminar flame thickness

(δL). The model showed good agreement with measurements in H2-O2 mixtures with

initial pressures less than 1 atm, but deviated above that pressure.

Ivanov et al. [24] developed a model similar to [22] for hydrogen-oxygen flame

acceleration and DDT in channels with no-slip. The model was developed based on

observations of the propagating flame from earlier experiments by their group [21]

where they noted two distant stages. During the first stage of flame propagation,

the flame acceleration was related to the stretching of the flame front within the

boundary layer, and during the second stage, further fast acceleration of the flame

was due to its coupling with the shock wave formed at the flame front. Thus, there

were two feedback mechanisms leading to the development of the high flame speed

observed prior to DDT, which were incorporated into the model by Ivanov et al. One

was driven by the increased temperature, and hence reactivity, of the mixture due

to the shock ahead of the flame, and the other by the net increase in the amount of

reacting fuel entering the flame front due to increased density. A higher flame speed
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created a higher gas velocity ahead of the flame. Consequently, the amplitude of the

pressure peaks at the flame front continued to grow due to the combustion of the larger

amount of compressed mixture entering the reaction zone during the second stage.

Eventually, the pressure peak became strong enough to affect reactions. The increase

of the reaction rate and the heat released in the reaction zone created a positive

feedback coupling between the pressure pulse and the heat released in the reaction,

promoting additional flame acceleration. The authors also used high resolution 3D

numerical modeling to obtain simulated schlieren and shadowgraph visualizations

of the flame acceleration and DDT which matched those from experiments. They

provided a three dimensional picture of the flow physics in the flame and ahead of

the front.

In summary, studies on flame acceleration and DDT indicate that these phe-

nomena are strongly influenced by properties such as the laminar flame speed and

expansion ratio of the combustible mixture. These parameters directly affect the flow

induced by the accelerating flame in the unburned mixture ahead of it leading to

DDT when the flame accelerates to a critical velocity. One of the developed mod-

els theorized that the interaction of the flame with the boundary layer ahead of it

creates a turbulent flame in the boundary layer and this mechanism accelerates the

flame to critical speeds leading to DDT. Another aspect of flame acceleration leading

to detonation is the outcome of detonation pressures and velocities in excess of CJ

predictions, which poses a higher rise than directly initiated detonations. The current

work also explores this property of nitrous oxide detonations.

2.2.1 Flames in Mixtures Including Nitrous Oxide

As described in the previous section, it is well established that the phenomenon

of DDT is dependent on flame properties. This section summaries previous studies

on the properties of flames with nitrous oxide as a component.
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An in-depth comparison of stoichiometric CH4-N2O-Ar and CH4-O2-Ar flame

structures was conducted by Vandooren et. al. [25] using molecular beam sampling

and mass spectrometric analysis. They observed that the N2O flame stabilized 2 mm

higher above the burner than the O2 flame and proposed that this displacement in

flame front location was due to the lower laminar burning velocity of the flame with

N2O as the oxidizer. Due to this difference in flame front location, they measured

lower temperatures near the burner for the CH4-N2O-Ar flame. They also noted that

both flames had similar thicknesses of about 2.5 mm.

Later, Powell et al. [26] studied mixtures of different fuels with diluted nitrous

oxide to determine laminar flame speeds at 0.8 atm. using a flat flame method and

compared their results with those calculated using three different chemical kinetic

mechanisms. The nitrogen dilution they used was such that N2O/(N2O + N2)=0.42

for methane, acetylene and propane, and 0.27 for hydrogen. The laminar flame speeds

they measured with acetylene were higher than those measured with methane and

propane for the entire equivalence ratio range considered in the study, with a peak

flame speed of 48.9 cm/s occurring at ϕ = 1.41. This flame speed is significantly lower

than the peak laminar flame speeds measured for acetylene-air (165 cm/s) [27] and

acetylene-oxygen (550 cm/s) [28]. Furthermore, the authors of [26] compared their

measured acetylene-nitrous oxide laminar flame speed to that measured by Parker

and Wolfhard [29], who studied the characteristics of premixed gas flames of various

fuels burning with NO and NO2. For comparison, Parker and Wolfhard also measured

the laminar flame speeds of undiluted fuel-N2O mixtures and reported a speed of 170

cm/s for acetylene-N2O. When Powell et al. [26] extrapolated their diluted mixture

results to an undiluted condition and compared them with those from [29], they

corresponded closely with the differences being within 14-20 cm/s (8 − 11%) at the

equivalence ratios examined.

Upon comparison of experimental and numerical results, Powell et al. [26] observed

that the numerical results under-predicted their measurements for both hydrogen-

and hydrocarbon-nitrous oxide flames. The similarity in laminar flame speed ver-
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sus equivalence ratio trends of hydrogen and hydrocarbon flames was significant in

pointing to the importance of H2/N2O reactions to the overall hydrocarbon mecha-

nism and the requirement for more accurate rate constant definitions for the H2-N2O

sub-mechanism. Based on their measurements of the H2-N2O-N2 flame, they modi-

fied the reaction mechanism which resulted in better agreement between numerical

and experimental flame speed data. In spite of the new rate constants, the flame

speeds for methane- and propane-nitrous oxide were still somewhat under-predicted

for fuel-lean conditions and over-predicted for fuel-rich conditions. The authors con-

cluded that the deviation in the fuel-rich regime could be reduced by the inclusion of

chemistry involving N2Hx/NHx species. They explained that the N2Hx reaction steps

act to inhibit the overall H2/N2O reaction rate, especially for the fuel-rich cases, and

showed that this was predominately due to the recombination reaction producing the

hydrazyl radical,

NH + NH2 +M −→ N2H3 +M (R1)

In another work, Powell et al. [30] further studied the chemical kinetics of hydrogen

and small chain hydrocarbons with nitrous oxide in flames and shock tubes. Their

findings about the N2Hx/NHx reactions were consistent with those in the H2-N2O-N2

flow reactor work by Allen et al. [31] at 3 atm and 995 K. Allen et al. had also found

that inclusion of N2Hx chemistry significantly reduced the predicted overall reaction

rate, and thus was necessary to bring their calculations in agreement with measured

species profiles.

Bane et al. [32] measured the laminar burning speeds of undiluted and nitrogen

diluted H2-N2O mixtures at initial pressures in the range of 20-80 kPa and observed

laminar burning speeds as high as 350 cm/s with highly unstable flames. Further,

their calculations using a detailed chemical mechanism predicted burning speeds for

higher pressures (100-300 kPa) for different H2-N2O mixture ratios. They concluded

that the high laminar burning speeds in combination with large expansion ratios (on
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the order of 10 or higher) and fast onset of cellular instability in these mixtures indi-

cated a hazard of flame acceleration and deflagration-to-detonation transition in H2-

N2O mixtures. The addition of argon (χAr = 0.6) to this mixture by Mével et al. [33]

drastically reduced the laminar flame speed they measured in a spherical bomb at 1

atm and 300 K. They measured a peak laminar speed of 56 cm/s for the stoichiomet-

ric mixture, which was much lower than that for a mixture of hydrogen-air of around

200 cm/s at the same initial conditions. They attributed this to the difference in the

mixture molar mass and the kinetic nature of energy release between the two systems.

Under stoichiometric conditions, the molar mass of a hydrogen-nitrous oxide-argon

mixture was almost 60% higher than that of a hydrogen-air mixture, which limited

the flame speed of H2-N2O-Ar mixtures. Furthermore, the energy release in H2-N2O-

Ar mixtures was driven by a linear chain process, whereas in H2-air mixtures, it was

driven by a chain branching process. Consequently, the energy release rate in H2-N2O

mixtures was slower than in H2-air mixtures.

Another important work with H2-N2Omixtures was an experimental study of min-

imum ignition energy of lean mixtures [34]. The authors stated that the minimum

ignition energy is a function of laminar flame speed and initial pressure. However,

based on the observations by Bane et al. [32], the laminar burning speed of H2-N2O is

independent of pressure over a large range. Thus, the authors of [34] concluded that

for a given composition, the ignition energy density is independent of the laminar

flame speed and approximately scales with pressure as Edensity ∼ p−1. This de-

pendence on pressure was exhibited by their experimental measurements. They also

predicted an ignition energy density of less than 1µJ/mm for a stoichiometric H2-N2O

at an initial pressure of 100 kPa which was comparable to or less than the ignition

energy density of H2-O2, which was about 5− 10µJ/mm, at similar conditions [35].

The studies described in this section have contributed to improved models and

mechanisms to predict thermodynamic and chemical properties in combustible mix-

tures including nitrous oxide. In addition to this, they have compared nitrous oxide

with more traditional oxidizers, like oxygen and air, either to assess the hazard posed
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by its combustion with different fuels or to understand general nitrogen chemistry in

combustion. In comparison to oxygen-fuel mixtures, the peak laminar flame speeds

of nitrous oxide-fuel mixtures were lower and this was attributed to the fast chem-

istry in oxygen flames. However, nitrous oxide laminar flames were either faster or

comparable to those with air as the oxidizer. Since laminar flame speed is an im-

portant parameter which affects flame acceleration leading to DDT, these speeds will

be compared and discussed in Chapter 4. Accurate measurements of laminar flame

speeds are critical for better prediction of visible flame velocities used to bridge the

gap between flames and detonations using analytical or numerical models.

2.2.2 Chemical Kinetics of Fuel/Oxidizer Mixtures Involving Nitrous Ox-

ide

A logical following discussion is on the chemical kinetics involved in fuel-nitrous

oxide systems. Flame velocities, detonation pressures and detonation velocities are

some macroscopic properties of combustion regimes. The temporal rate of change

of these macroscopic properties are determined by the combustion wave structure,

which is controlled by the chemical kinetics associated with the particular fuel-oxidizer

mixture and the combustion regime under consideration.

One of the earliest studies on the chemical kinetics of mixtures with nitrous oxide

was done by Henrici and Bauer [36] in 1969. The concentration profiles of OH and

NO after the decomposition of N2O in the H2-N2O reaction were measured by UV

absorption behind incident normal shock waves in a 6-inch ID stainless steel shock

tube. They observed that the OH profiles had qualitatively similar features to those

in the H2-O2 reaction. They stated that the chain reaction in the H2-N2O reaction

was initiated by the O atoms generated by the unimolecular decomposition of N2O,

reaction R2, which then reacted with hydrogen as in reaction R4. A key finding from

this study was that the calculated NO concentrations were much smaller than those

observed experimentally and this difference increased with a decrease in tempera-
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ture and an increase in the [H2]/[N2O] ratio. This identified the major defect in the

reaction mechanism to be the incorrect description of NO formation. Their experi-

ments also supported the fact that the NO concentration remains constant after the

consumption of N2O. In addition to this, an earlier study on the decomposition of

N2O [37] did not detect NO2, thereby supporting the insignificance of reaction R5.

N2O+M −→ N2 +O+M (R2)

N2O+H −→ N2 +OH (R3)

O + H2 −→ OH+H (R4)

NO + N2O −→ NO2 +N2. (R5)

Thus, Henrici and Bauer concluded that NO is produced in reaction R13 and is

not involved in any further reactions. The rate constant they determined for the NO

formation reaction R13 was larger than previously determined values from studies on

N2O decomposition, N2O-fuel reactions and N2O-O reactions.

Further investigation by Soloukhin in 1973 [38] on the oxidation of hydrogen by

nitrous oxide in shock waves at temperatures of 1400-2300 K showed the importance

of OH∗ in the chemical kinetics of H2-N2O mixtures. The recorded absolute rates of

rise and decay in the OH∗-emissions were higher than those obtained in numerical cal-

culations for OH. They were also compared to the measurements of OH-concentration

profiles from the prior study by Henrici and Bauer [36] as the differences they ob-

served between calculated and experimental values of OH were less significant. This

led to a reasonable assumption that the profiles of OH∗(2Σ) and OH do not coincide,

and that the collisional quenching times for OH∗ are shorter than the overall reaction

times. Based on this argument, the author concluded that the high rates of OH∗
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formation, through reaction R6, must be taken into account in evaluating the overall

rates of radical generation in a reaction mechanism.

H + N2O −→ OH∗ +N2 (R6)

This reaction explained the high rates of OH∗ production observed in an earlier study

by Soloukhin and Van Tiggelen [39]. Thus, Soloukhin concluded that R6 is a key

chain branching path for the hydrogen-nitrous oxide system based on their shock

tube measurements. The role of OH∗ radicals in this mixture was also previously

postulated by Duval and Van Tiggelen [40] when studying H2-N2O flames.

Decades later, in 2015, Mével and Shepherd [41] investigated the ignition delays

of small hydrocarbon-N2O mixtures with and without O2 using shock-tube exper-

iments. The chemical kinetic simulations presented in this work included an OH∗

sub-mechanism. They argued that the concentration of OH∗ is typically 6 orders

of magnitude lower than that of OH radicals, and so the inclusion of OH∗ chemical

pathways would not significantly modify the ground-state chemistry. Additionally, a

number of past studies [13, 38–40, 42–45] had demonstrated that the chemical path-

ways forming OH∗ radicals differ from those forming the ground-state OH radical, and

so it was important to include a sub-mechanism for their chemistry when modeling

ignition delay-times based on OH∗ emission.

In mixtures with only N2O as the oxidizer, Mével and Shepherd [41] concluded

that the two dominant reactions are R2 (promotes the overall reaction through the

production of reactive O atoms [26]) and R3. The other important reactions all

involved consumption or production of the H atom. In these mixtures, OH radicals

were formed almost exclusively by R3 and the ignition was due to a thermally driven

linear chain process which involved R2 and R3 [42]. With respect to OH∗ in mixtures
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containing N2O only, the OH∗ rates of production showed that the formation of OH∗

is mainly due to R6, with a smaller contribution from

CH +O2 −→ CO+OH∗. (R7)

In both cases (N2O and N2O+O2 as oxidizer), the energy release was dominated

by the very exothermic reaction R3 [41], as shown in Figure 2.3. In the case of mix-

tures which contained only N2O, the thermal decomposition of nitrous oxide played

a significant role in absorbing heat. The reaction rate of this process increased as the

overall reaction proceeded because of the mixture temperature increase. In the case

of mixtures which contained both N2O and O2, the nitrous oxide decomposition was

not significant in the energy release. In these mixtures with both N2O and O2, in

addition to R3, three other reactions contributed to the temperature increase:

OH + H2 −→ H2O+H, (R8)

CO + OH −→ CO2 +H, (R9)

C2H2 +O −→ T−CH2 + CO (R10)

H + O2 −−⇀↽−− OH+O. (R11)

As the reaction accelerates and increasing amounts of OH radicals are produced,

the contribution of the endothermic branching involving H and O2, reaction R11, in

absorbing heat increases. Finally, sensitivity and reaction pathway analyses demon-

strated that ignition is mostly driven by R2 and R3, for mixtures with only N2O,

and by R3 and R11 for mixtures which include oxygen as well. The good agreement

between experimental and calculated values obtained by Mével and Shepherd moti-

vated the use of their reaction mechanism for calculating theoretical parameters in

the current work.
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(a) (b)

Figure 2.3. Energy release per reaction analysis for experiments with
single-peak emission profiles [41]. (a) CH4-N2O, ϕ = 1.11; (b) C2H6-
N2O-O2, ϕ = 1.12.

Few researchers also studied the chemical kinetics of hydrocarbon-nitrous oxide

systems. To investigate the chemical pathways for reaction of hydrocarbon species

with N2O, Vandooren et al. [25] compared and discussed them using argon-diluted

methane flames with O2 and N2O as oxidizers. Their observations showed that the

maximum concentrations of CH3, CH2O and C2H2 were similar in both flames in-

dicating similar pathways in the carbon chemistry with O2 and N2O. A difference

they observed was in the behavior of oxygen and hydrogen species in the two flames.

Molecular oxygen (O2) was formed in the CH4-N2O-Ar flame, but was only consumed

in the CH4-O2-Ar flame. They also measured lower concentrations of O and H and

higher concentration of OH in the N2O flame which they attributed to the nearly irre-

versible reactions R12, R13 and R3. This was in contrast with the reversible reaction

R11 which occurs in the O2 flame.

N2O+O −→ N2 +O2 (R12)

N2O+O −→ NO+NO (R13)
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In the same year, Zabarnick [46] compared CH4/NO/O2 and CH4/N2O flames

by LIF diagnostics and confirmed the conclusions made by [25]. They highlighted

the importance of reactions R2 and R3 as key pathways for the consumption of N2O

and production of OH. As discussed in Section 2.2.1, Powell et al. [30] studied the

chemical kinetics of hydrogen and small chain hydrocarbons with nitrous oxide where

they highlighted the importance of N2Hx/NHx reactions in the overall mechanism.

The main reactions from the CH4/N2O system from [30] are shown in Table 2.1 to

compare with the CH4/O2 system.

Chemical kinetics studies on systems using nitrous oxide as the oxidizer have

revealed that the decomposition reactions, R2 and R3, are important as initiation and

exothermic pathways, respectively. Some works have established that the inclusion of

OH∗ in the nitrous oxide mechanism provided better agreement between calculations

and experiments. In comparison, the reaction with oxygen follows a chain branching

process whereas with nitrous oxide there is a linear chain process whether the fuel is

hydrogen or methane, as shown in Table 2.1, and this can be extended to most small

chain hydrocarbons, at least. In addition, the initial exothermic behavior in mixtures

with oxygen as the oxidizer is due to reaction R11, but in nitrous oxide systems it is

due to reaction R3. In systems with hydrocarbons as the fuel, the initiation process

also includes H abstraction from the fuel molecule and the H atoms then participate

in chain branching reactions. Overall, the carbon chemistry follows similar pathways

in both oxygen and nitrous oxide reactions with small chain hydrocarbons.

2.2.3 Nitrous Oxide Decomposition

The exothermic decomposition of nitrous oxide is a unique feature of this oxidizer

and is triggered at temperatures higher than approximately 830 K. This behavior of

nitrous oxide is particularly relevant to the current study because it can potentially

decompose due to heating caused by the pre-compression of the unburned gas mixture
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Table 2.1. Comparison of important reactions between hydrogen-
oxygen and hydrogen-nitrous oxide systems and methane-oxygen and
methane-nitrous oxide systems.

H2-O2 H2-N2O [14]
H2 + O2 −→ 2OH N2O + M −→ N2 + O + M

H2 + O2 −→ HO2 + H O + H2 −→ H + OH
OH + H2 −→ H2O + H N2O + H −→ N2 + OH∗

H + O2 −→ OH + O N2O + H −→ N2 + OH
O + H2 −→ OH + H OH + H2 −→ H2O + H

CH4-O2 [47] CH4-N2O [30]
CH4 + H −→ CH3 + H2 CH4 + H −→ CH3 + H2

CH4 + OH −→ CH3 + H2O CH4 + OH −→ CH3 + H2O
CH4 + O2 −→ CH3 + HO2 N2O + M −→ N2 + O + M

H + O2 −→ OH + O N2O + H −→ N2 + OH∗

O + H2 −→ OH + H N2O + H −→ N2 + OH
O2 + CH3 −→ CH2O + OH N2O + O −→ N2 + O2

ahead of the accelerating flame or due to hot spots formed in the unburned gas

mixture.

The decomposition characteristics of nitrous oxide have been studied by many re-

searchers, primarily to isolate significant reactions and to improve their rate constants

over varying initial conditions. Hidaka et al. [48] measured species concentrations in

shock-tube studies of N2O decomposition and N2O-H2 reaction, and derived improved

rate constants for some of the elementary reactions in the temperature range of 1450-

2200 K. They verified the rate expression for the unimolecular N2O decomposition

reaction, R2, with rates available in the literature at that time and derived improved

rate constants for three important reactions, R12, R13 and R3, involving N2O. A

main conclusion of their work was that the decomposition of N2O is insensitive to the

rate constants of R12 and R13 as N2O consumption was primarily through R2. In

contrast, they observed that the product concentrations of the N2O-H2 system were

sensitive to the rate constants of these two reactions. These conclusions stressed the

importance of reaction R2 as the initiation step in systems using N2O.
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Another important study on nitrous oxide decomposition was conducted by Allen

et al. [49] and was significant due to their investigation into the pressure dependence

of this process. They varied the flow reactor pressure over a range of 1.5-10.5 atm

with temperature varying in the range 1103-1173 K and measured different species

profiles. The authors then conducted reaction flux and sensitivity analyses to deter-

mine the rate controlling steps, thereby modifying reaction rate constants to match

experimental values. Their analysis showed that N2O was consumed entirely through

two pathways: (1) unimolecular decomposition of N2O (R2) and (2) its reactions with

O atoms (R12 and R13). However, the unimolecular decomposition of N2O controlled

the overall rate of consumption and the measured N2O depletion profiles at 1123 K

showed that the N2O decomposition rate increased with pressure. They explained

the high rate of N2O depletion through the following chemical pathway: at reaction

initiation, nearly 100% of N2O is consumed through the unimolecular decomposition

reaction. Once O atom concentration increases, the reactions involving N2O and O

atoms (R12 and R13) become significant. Later, as NO accumulates, the reaction

NO +O+M −→ NO2 +M (R14)

competes strongly with reactions R12 and R13 for O atoms. The study showed

that at 90% reaction completion point, the unimolecular decomposition reaction was

responsible for the high rate of N2O consumption. Based on the measured species

profiles, the authors improved the rate constant expression for this decomposition

reaction at high pressures by increasing it by a factor of 3 from values available in

the literature.

Around the same time, Röhrig et al. [50] conducted another study on the pressure

dependence of thermal decomposition of N2O for a temperature range of 1570-3100 K

and a pressure range of 0.3− 450 atm. Their results showed that the pressure depen-

dence of N2O consumption above 6 atm was not linear and that the rate coefficients

in this region are in the fall-off range. They extrapolated the rate constant for reac-
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tion R2 from Allen et al. [49] to their temperature range and observed a moderate

agreement with their experimental fall-off curves up to a pressure of 50 atm only, with

deviations at higher pressures. They attributed this deviation to real gas effects for

experiments at pressures above 100 atm, which Allen and coworkers did not consider.

Also, at temperatures above 1700 K, Röhrig et al. [50] observed an increase in the

reaction rate of R2 in relation to the sum total of the rates of R12 and R13 due to

the higher activation energy of R2.

In addition, Javoy et al. [51] studied the N2O decomposition rate constant at high

temperatures and showed that at temperatures above 2500 K, the decomposition rate

is too fast to be accurately evaluated. They also ranked the roles of reactions R12

and R13 in the low- and high-temperature ranges and stated that reaction R12 was

dominant at temperatures below 1850 K and R13 was significant at temperatures

above 1850 K. This difference in reaction dominance between reactions R12 and R13

was explained using equilibrium composition calculations.

A discussion on the decomposition behavior of nitrous oxide in a combustible

mixture was provided by Mével et al. [33] who conducted chemical kinetics modeling

on H2-N2O-Ar mixtures. They noted an important difference in the reaction pathway

of N2O during auto-ignition versus flame propagation - the thermal decomposition of

N2O was only important for the auto-ignition process and not for flame propagation

which they attributed to diffusion of H atoms ahead of the flame front. For auto-

ignition, N2O first decomposes to produce O atoms which then react with H2 to

break the strong H-H bond. The H atoms then react with nitrous oxide through

reaction R3 producing OH which reacts with hydrogen molecules to further produce

H atoms, leading to a fast energy release through a linear chain pathway. However, in

propagating flames, H atoms diffuse ahead of the flame front and react with nitrous

oxide mainly through reaction R3 allowing the energy to be released. Thus, the

pathways R2 and R4 are almost suppressed because of diffusion of the H atoms in

propagating flames.
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All these studies on the decomposition of N2O have effectively concluded that

reactions R2, R12 and R13 are the most important elementary steps involved in the

decomposition process and have provided improved rate constants for these reactions.

The overall rate of decomposition of N2O increases with increase in pressure and

temperature. These works also highlight the role of each of these reactions as a

function of temperature of the decomposition process.

2.3 Application of Nitrous Oxide Detonations

Based on the reviewed applications of detonations in nitrous oxide, measurements

from this work affect three broad fields of study: safe handling of nitrous oxide,

geothermal stimulation and rocket propulsion.

One of the aims of this work was to add to the existing database of knowledge

on nitrous oxide detonations with a focus of mitigating explosions in the nuclear

waste management industry and in gas delivery systems. The work done at the

Explosion Dynamics Laboratory at Caltech [10–12] made immense progress in this

area. Their motivation was the presence of flammable gases in nuclear waste storage

tanks at Hanford, WA, one of which is nitrous oxide. The experiments they conducted

provide a reliable database of detonation properties with nitrous oxide as the oxidizer

at sub-atmospheric initial pressures.

As an extension of this work, stoichiometric ethylene-nitrous oxide was earlier

tested as a geothermal stimulant to fracture rock [52,53]. This work involved the de-

velopment of a two-component energetic gas mixture that can be injected down-hole

to enhance well bore permeability. This technique demonstrated a method of injecting

a tailored mass of ethylene-nitrous oxide mixture into the well bore and successfully

initiating combustion in the mixture. Prompt transition from deflagration to deto-

nation was observed within a pressure range that would induce fractures in the well

bore wall without causing formation damage (rubble, well bore collapse). Detonation

of the mixture within the well bore significantly increased the measured well bore vol-



35

ume as a result of the numerous fractures generated. The detonation pressures mea-

sured in the well bore were higher than the CJ values due to pre-compression of the

unburned gas mixture prior to deflagration-to-detonation transition (DDT) [54, 55].

Each subsequent “stimulation shot” increased well bore volume through additional

fracture volume, the largest increase corresponding to higher initial pressures and

higher detonation pressures as would be expected.

A simple back “mining” operation conducted to map the location of the fractures

surrounding the well bore confirmed that this technique effectively generates a high

surface area network of fractures. These fractures were formed by a high-energy

combustible gas mixture which caused shear displacement and erosion in the rock.

Due to this, the fractures were self-propping. Comparing this stimulation method

to hydraulic fracturing and deeply buried solid explosive fracturing methods, this

method produced peak pressures comparable to those seen in hydraulic fracturing,

but significantly lower than those produced by solid explosives. Additionally, these

gaseous detonations propagated and produced consistent loading down the wellbore

as opposed to a concentrated, high impact loading from solid explosive fracturing

leading to the possibility of mechanical damage of the casing and well [56].

In terms of propulsion, the usage of nitrous oxide dates back to the 1930s when

a nitrous oxide and coal hybrid rocket was developed and tested at I.G. Farben in

Germany. It produced 10 kN thrust for 120 s [57]. This was followed by its usage in

Luftwaffe aircraft engines during World War II to improve high-altitude performance.

The gas was chilled, liquefied and sprayed under pressure into the engine intake

manifold using the system known as Göring Mischung 1 or GM-1. Around the same

time, NACA investigated supercharging radial engines with nitrous oxide [58].

Following the work done by Laughrey et al. [7], in 1963, Jost et al. [59] studied the

detonation and chemical kinetics of hydrazine and nitrous oxide to assess the viability

of nitrous oxide as an oxidizer for rocket propulsion. They measured detonation

speeds of hydrazine-nitrous oxide mixtures at low initial pressures on the order of 0.1

atm and found the speeds to be near the ideal Chapman-Jouguet (CJ) detonation
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velocity, but observed that these detonations were unstable. Additional interest in

nitrous oxide had arisen in the past several years as an oxidizer for rocket propulsion

systems. However, accounts of serious, large system nitrous oxide accidents described

in [60, 61] highlight the hazards associated with nitrous oxide and the oxidizer must

be handled with utmost care free from impurities, as with any good oxidizer. As

described in the Airgas investigative report [61], since the decomposition of nitrous

oxide is exothermic, this process is self-sustained and can lead to explosions. This

warrants intimate understanding of the oxidizer and its combustion properties with

different fuels prior to using it as a propellant.

In the late 1980s, Grubelich et al. [62] replaced toxic or cryogenic oxidizers typi-

cally used in hybrid engines with nitrous oxide and tested it with hydroxyl terminated

polybutadiene (HTPB) as the fuel. According to their work, the nitrous oxide hybrid

engine can have longer burn times than conventional solid propellant rocket motors

for a given geometry. Several years later in 2001, Tyll et al. [63] tested nitrous oxide

with propane in a bipropellant rocket engine. The nitrous oxide was catalytically

decomposed and this exothermic process ignited the propane to produce sustained

combustion. Tyll and co-workers proposed that performance improvements could be

achieved by replacing the low vapor pressure propane with ethylene, which had a simi-

lar vapor pressure as nitrous oxide. Using ethylene as the fuel, their analysis predicted

an increase of the specific impulse by several seconds. In addition, DiSalvo et al. [64]

tested their patented constant volume rocket motor with nitrous oxide and propane in

pulsed motor mode generating brief chamber pressure pulses on the order of 500-700

psia using injector inlet pressures of only 40-50 psia. In 2011, DARPA announced the

Airborne Launch Assist Space Access (ALASA) program designed to produce a rocket

capable of launching a 100 lb. satellite into low earth orbit with Boeing contracted

to develop the launch system. Boeing intended to lower the complexity of the launch

vehicle and thus costs by powering the rocket with a monopropellant comprised of

a pre-mixed combination of nitrous oxide and acetylene [65]. As of 2015, DARPA

terminated this program due to explosions of the pre-mixed propellant during ground
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tests. Both nitrous oxide and acetylene are very energetic and individually function

as mono-propellants. This intensified the complexity associated with storing a pre-

mix of these gases. The author of this thesis does not recommend storing nitrous

oxide as a pre-mixed combination with any fuel due to the highly unstable explosions

resulting from nitrous oxide mixtures. However, the objective of the ALASA project

provides another example of nitrous oxide’s popularity as an oxidizer.

Werling et al. [66] at the German Aerospace Center (DLR) recently developed an

ethylene-nitrous oxide premixed rocket engine as a replacement for today’s hydrazine

engines. Their choice of ethylene as fuel was driven by the similar vapor pressures of

ethylene and nitrous oxide, which was also suggested by [63]. This similarity in vapor

pressures assured good miscibility and simultaneous evaporation of the propellants

in the tank. They tested this mixture at oxidizer-to-fuel (O/F) ratios in the range

of 8.5 to 11, with stoichiometric ratio being 9.42. In their tests, they achieved a C∗

efficiency of 92% with an average measured C∗ of 1480 m/s.

To summarize, investigations of detonations involving nitrous oxide have been

limited to using it as a monopropellant or in a bipropellant mixture with hydro-

gen [13, 14, 67]. Additionally, there have been some studies on the decomposition of

pure nitrous oxide either due to homogeneous heating of the gas or from local thermal

ignition [68, 69], and these have been studied using chemical mechanisms discussed

previously in this chapter. These studies help predict and explain combustion trends

in nitrous oxide-fuel mixtures better, and provide some information on flammabil-

ity limits. Available literature on nitrous oxide-hydrocarbon detonations is mainly

restricted to initial pressures below one atm. or with dilution [70]. Therefore, detona-

tions with nitrous oxide as the oxidizer are far from being completely characterized.

In addition to this lack of general knowledge, understanding of nitrous oxide-fuel det-

onations at higher pressures, more typical of practical combustion systems is either

extremely limited or non-existent. Several of the studies discussed earlier suggest

benefits of using nitrous oxide in a bipropellant mixture with small hydrocarbons

such as propane, ethylene and acetylene for propulsion systems, but no information
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is available on the detonation properties of these mixtures. Records of measured det-

onation properties of these fuels with O2-diluents [16, 21, 71–76] and air [15, 77–79]

are available and provide an order of magnitude estimation of their properties with

nitrous oxide. Hence, in order to apply these fuel-nitrous oxide mixtures to practi-

cal detonation systems, their detonation properties have to be studied over a wide

range of initial conditions, which include pressure, temperature, ignition energy and

dilution.

In particular, fuel-N2O detonations can be used in a gas-phase blow-down thruster.

In such a system, compressed fuel and oxidizer are stored separately and are individ-

ually fed into the chamber in gas phase. Finally, the chamber is isolated from the

propellant tanks before igniting and the hot gases are allowed to blow down through

a nozzle. The closed combustion tube used in this study replicates such a system.

If this process is cycled, the system works as a pulse detonation engine. As a first

step towards addressing this knowledge gap, the current work focuses on the charac-

terization of detonations in undiluted ethylene-N2O as a function of initial pressure

in a closed combustion tube. This will add to the existing database of knowledge

on nitrous oxide detonations, thereby enabling the robust design of gas delivery and

propulsion systems that can operate with N2O. The measurements from this work

are compared to the theoretical Chapman-Jouguet detonation parameters, and de-

viations of the experimental results from the theoretical predictions are discussed.

Additionally, the results are compared to the performances of ethylene-O2 mixtures

as a baseline.
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3. METHODS

An experimental investigation of detonations requires a robust combustion chamber

to contain the high pressures and temperatures associated with such phenomena. For

this purpose, two such experimental test rigs are designed and fabricated in-house.

One is a completely closed, circular cross-section tube with no visualization windows,

but capable of studying detonations with initial pressures higher than 1 atm. This

test rig is located at the High Pressure Laboratory at Maurice J. Zucrow Laboratories.

For convenience, this tube is designated C1. The other test setup, designated C2, is

a rectangular cross-section tube with full-length windows to study flame acceleration

in mixtures at initial pressures around 1 atm. This experiment is located at the

Aerospace Sciences Laboratory. This chapter describes the design of the combustion

tubes, the propellant delivery system, the ignition methods used, the instrumentation

used to study the detonations and the procedure followed to run these experiments.

The current design of combustion tube C1 is motivated by similar tests conducted

in a smaller L/d (= 6.13) combustion tube, designated C0. The data from these earlier

tests in the small L/d combustion tube indicate inconsistent pressures between tests of

the same initial pressure. In addition to this, overdriven detonations are observed and

the short tube does not allow the detonation to decay to a stable state. The pressure

recorded from these earlier tests will be discussed briefly in Chapter 5. Thus, in order

to observe and study steady detonations, a combustion tube with a larger L/d of 68 is

designed and fabricated. This combustion tube is used to investigate the consistency

in detonation parameters between tests of same initial pressures for a stoichiometric

mixture of ethylene and nitrous oxide.
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3.1 Combustion Tube C1

3.1.1 Tube Design

The combustion tube used for these experiments is 75 inches long with an inner

diameter of 1.1 inches (L/d = 68) and is closed at both ends. It consists of three

separate sections integrated together using two full-depth welds. The central tube

section is fabricated using a 75 inch long, 1.5 inch XX-Heavy pipe. This pipe has an

inner diameter of 1.1 inches and is rated to a working pressure of 7, 200 psi and a

burst pressure of 25, 300 psi. To accommodate 12 high-frequency pressure transducers,

3/16th inch holes are drilled, 6 inches apart, along the length of the tube. These details

are shown in the engineering drawing in Figure D.1 in Appendix D.

The other two sections of the combustion tube are fabricated using stainless steel

304 blocks and have 3 inch by 3 inch cross sections and are 3.5 inches long. These

sections each contain three F375C ports used to attach propellant and nitrogen deliv-

ery plumbing, thermocouples and exhaust plumbing. In one of these block sections,

a port to accommodate another high-frequency pressure transducer is machined ax-

ially at the dead end. The other block section includes a port to install the igniter

adapter used to accommodate different ignition methods and an optic port. Engi-

neering drawings of these two block sections are given in Figures D.2 and D.3 in

Appendix D.

As mentioned earlier, the three sections are integrated together using full-depth

welds to ensure strength. In addition to the three main sections, the construction

of the combustion tube consists of 12 pressure transducer adapters to install PCB®

109C11 high-pressure transducers. These are similar in dimensions to the pressure

transducer port on the propellant delivery block section and are detailed in Figure

D.4. These adapters are welded onto the central tube section concentric with the

3/16th inch holes drilled along the length of the section. A schematic of this assembly

is shown in Figure 3.1 and the actual combustion tube assembly is shown in Figure

3.2. The assembled combustion tube is hydrostatically tested to 10, 000 psi without
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any damage to the welds. The combustion tube is then installed onto the test stand

and held in place using two vibration-damping brackets.

Figure 3.1. Diagram of the assembled combustion tube with basic dimensions.

Figure 3.2. Welded combustion tube prior to assembly on the test rig.

3.1.2 Gas Delivery System

The gas filling system consists of three separate plumbing lines for fuel, oxidizer

and nitrogen. The high pressure nitrogen supply from the lab, regulated to 300 psi, is

used for purging combustion products from the tube after each test and a separate 100

psi nitrogen line is used as pilot pressure for all the pneumatic valves on the test stand.

Ethylene and nitrous oxide (or oxygen) are supplied from their respective bottles

via the other two plumbing lines. The propellant bottles are installed with manual

regulators in combination with inlet and outlet pressure gauges to set the desired
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Figure 3.3. Experimental test rig with combustion tube and propel-
lant delivery panel.

propellant supply pressure. Each propellant line is equipped with a pneumatic ball

valve, a relief valve and a check valve before it is connected to the combustion tube.

In addition to these flow devices, low-frequency pressure transducers, thermocouples

and sonic venturis are installed on the propellant lines to set the mass flow rate of

the propellants.

The relief valves ensure that the pressure in each line is well below the pressure

rating of the flow device with the lowest value, thereby preventing any damage or rup-

ture of the lines. The check valves are connected at each gas inlet on the propellant

delivery end block of the combustion tube to prevent back flow of unreacted mixture

and combustion gases into the supply cylinders. The low-frequency pressure trans-

ducers and thermocouples are used to maintain and monitor the pressures upstream

of the sonic venturis, which allow fixed mass flow rates of the propellants resulting

in the appropriate final pressure and equivalence ratio for each test. The fuel and
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oxidizer gases flow into the tube from opposing ports to facilitate mixing of the gases.

The valves and sonic venturis are mounted on an aluminum panel as shown in Figure

3.3.

The vent line is attached to the vent port on the ignition end of the combustion

tube. This line consists of a rupture disc assembly, a high-pressure pneumatic ball

valve to contain the combustion gases and another pneumatic ball valve to contain

the combustible mixture prior to ignition. A low-frequency static pressure transducer

is installed in between these two pneumatic ball valves and is used to monitor and

measure the pressure in the combustion tube during the propellant fill process. All

components of the plumbing and propellant delivery systems are shown in a schematic

plumbing and instrumentation diagram (P&ID) in Figure 3.4. A summary of the

feed system instrumentation is given in Table 3.1 with each component’s respective

designator on the P&ID as shown in Figure 3.4. These instruments are all connected

to the low-speed data system which records data at 100 Hz.

Table 3.1. Summary table of low-speed instrumentation on the ex-
perimental setup as indicated by designator in P&ID

Designator Description Type Range

PT-FU-901 Fuel Pressure Upstream of Sonic Venturi Druck PMP-1260 0-3000 psia
PT-OX-901 Oxidizer Pressure Upstream of Sonic Venturi Druck PMP-1260 0-3000 psia
PT-N2-901 Pre-fire Combustion Tube Pressure Druck PMP-1260 0-500 psia
TC-FU-901 Fuel Temperature Upstream of Venturi Omega K-Type 0-160°C
TC-OX-901 Oxidizer Temperature Upstream of Venturi Omega K-Type 0-160°C
TC-CT-901 Combustion Tube Temperature at Igniter End Omega K-Type 0-160°C
TC-CT-902 Combustion Tube Temperature at Dead End Omega K-Type 0-160°C

3.1.3 Ignition Methods

One objective of this work is to investigate the ignition of ethylene-nitrous ox-

ide mixtures with a low-energy ignition source and compare it to ethylene-oxygen

mixtures. Two different ignition methods are explored. The first method is a modi-

fication of the low-energy ignition source utilized in the tests conducted in the small
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L/d combustion tube. The bi-propellant mixture in these preliminary tests was ig-

nited by heating a 3.5-inch long nichrome wire [6] or an e-match. The bi-propellant

mixture in tube C1 is ignited by heating a nichrome wire 1/8 in. long soldered to

the leads of a Kemlon© feed-through fastened into the igniter adapter in the tube

front end wall. The feed-through with the nichrome wire is shown in Figure 3.5(a).

The nichrome wire is heated using an 18 VDC Li-Po battery switched on by a solid

state relay. Once the wire reaches a critical temperature it breaks away from one

of the leads, indicated by the white region in the schlieren image in Figure 3.5(b),

and results in the fragmentation of the hot wire. The heat generated by the wire

thermally ignites the gas mixture and initiates a deflagration.

The second method to ignite the bi-propellant mixture is with an automotive

spark plug using a high voltage spark ignition circuit fabricated in-house [80]. The

circuit diagram for this is shown in Figure 3.6. The circuit has the capability to

produce high-energy (up to 0.5 J) pulses at voltages up to 45 kV. This allows for

spark discharge under the high initial pressures used in this work. The circuit is an

integration of three sub-circuits: a voltage conditioning circuit, capacitor charging

circuit, and discharge triggering circuit. The voltage conditioning circuit transforms

the 120 VAC supply voltage to 300 VDC for use in the charging and triggering

circuit. The capacitor charging circuit consists of a relay which closes with a remote,

5 VDC “Arm” signal to charge a capacitor to 300 VDC, storing a specified amount of

electrical energy. The discharge triggering, or “firing” circuit, uses an external TTL

signal to trigger the capacitor to discharge through a high voltage pulse transformer,

which initiates electrical breakdown across the electrode gap [80]. The spark discharge

circuit is connected to a standard Denso© IW20 spark plug with an iridium electrode

shown in Figures 3.7(a) and 3.7(b). Different igniter adapters are fabricated for each

ignition method in use and the adapters have an extra port to introduce an optic

fiber as shown in Figures 3.7(a) and 3.7(b).
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3.1.4 High-Frequency Instrumentation

The combustion tube C1 can accommodate 12 high-frequency PCB® 109C11

pressure transducers in ports on the sidewall. The first pressure transducer port is

4.378 inches from the igniter plane and the rest are evenly spaced 6 inches apart down

the tube length, to measure pressure peaks during the propagation of the combustion

wave. Out of these 12 ports, 10 have pressure transducers installed in them. The

remaining two ports, farther from the ignition location, are plugged as the propagating

combustion wave is stable in this region and fewer data locations are sufficient to

measure detonation properties. One pressure transducer is installed in the end wall

to measure the reflected pressure. These transducers have a measurement range of

0-80,000 psi with a useful over-range of 0-100,000 psi and are connected to the high-

frequency data acquisition system at the High Pressure Lab of Maurice J. Zucrow Labs

to record pressure at 600 kHz/channel. The manufacturer of these senors specifies a

non-linearity of ≤ 2% full scale output and a resolution of ≤ 2 psi.

The PCB® pressure transducers are dynamic sensors and are well suited to mea-

sure steep fronted pressure waves. This prevents them from accurately measuring

the pressure rise from the compression waves produced by the accelerating flame. In

order to measure this pressure rise, two quasi-steady state pressure transducers from

Kulite® are installed in plane with the first two PCB® transducers (closest to the

ignition plane) and at 90° from them. The two Kulites used in these locations are the

CT-375 and XTEL-375 models which have a range of 3000 and 2000 psi, respectively.

These models are chosen purely based on availability of senors with the required pres-

sure range in the lab. Kulite® specifies a non-linearity of ±0.1% full scale output

and an infinitesimal resolution for both models. The Kulite® pressure transducers

are also sampled at 600 kHz on the lab high-frequency data acquisition system.

Another sensor used in this study is a photo-multiplier tube (PMT) module. A

propagating flame emits light and this can be detected using either a photodiode or a

PMT module. For this study, a PMT module (Hamamatsu© part # H11903-210) is
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used to record light emitted by the propagating flame. A local explosion arises within

the shock-flame complex when this propagating flame transitions to a detonation,

and this phenomenon was first observed and visualized by Urtiew and Oppenheim

[81]. During this deflagration-to-detonation transition (DDT), the explosion emits

a sudden burst of light, which the PMT module captures, and this inflection in the

light intensity signal defines the time of onset of detonation. This inflection time is

synchronized with the high-frequency pressure measurements to estimate the run-up

distance. This method of detecting the onset of DDT was used in prior studies on

experimentally measuring DDT [17–20], but using a photodiode for light detection

instead of a PMT module. To implement this method for the current work, the

light from the combustion tube is captured using a fiber optic installed in the igniter

adapter. The light is them passed through narrowband and neutral density filters

to efficiently analyze the signal without noise. The signal from the PMT module is

recorded using the high-frequency data acquisition system at 600 kHz.

The optical port configuration is shown in Figure 3.8. The design of the optic

port in the igniter adapter is derived from the work of Bedard [82] and the following

description is adapted from his thesis with permission. A 1/16th inch aperture allows

light to propagate through the adapter wall and through a 1/8th inch thick sapphire

window which is cushioned against the bottom of the port by a 0.015 inch thick

brass washer. The sapphire window provides protection for the fiber optic while

allowing ultraviolet wavelengths to pass. The window is secured in the port using a

threaded brass retainer. The retainer is machined to provide uniform compression

of the window. A counter bore at the top of the retainer holds the tip of the fiber

optic probe such that it is aligned with the centerline of the optic port. A 0.030 inch

aperture is drilled through the center of the retainer to provide the limiting aperture

to the optical fiber’s field of view. Two igniter adapters with an optic port and the

respective igniter port are machined for this work and their cross-sectional views are

shown in Figure 3.9.
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The optical fiber is a 400µm core fused silica fiber that is mounted in a 1/8th

inch diameter stainless steel ferrule. The steel ferrule provides protection for the

fiber and enables the optical port pressure seal to be formed on the outer wall of the

igniter adapter using a compression fitting as shown in Figure 3.8. The 12 ft. length

of the optical fiber is jacketed with PVC to provide a durable and bend resistant

covering. The other end of the fiber is terminated with a standard SMA connector

for connection to the filtering optics. Light entering the optics assembly from the

fiber first enters a collimating lens (Thorlabs© part # LB4280-UV) to reduce the

divergence angle of light emitted from the fiber before reaching the PMT module.

In addition to the setup in [82], a neutral density filter is added downstream of

the collimating lens which reduces the light intensity by 90%. The light from the

combustion and eventual detonation is intense enough that it saturates the PMT

sensor which prevents the detection of DDT. So, the filter ensures sufficient light to

fall on the sensor to detect the flame to detonation transition.

3.1.5 Test Procedures

The tube and the propellant lines are heated to 100°F using tape heaters to prevent

condensation of the propellant gases at high pressures. Since the experimental setup

is outdoors where the ambient temperature fluctuates over a year, these tape heaters

also ensure that the propellants in the delivery lines and in the combustion tube

are maintained at the same temperature for all tests conducted in this study. The

propellant fill procedure begins with a purge of the tube with the oxidizer (nitrous

oxide or oxygen). The vent valve is closed and the tube is pressurized to 30 psia

with the oxidizer. At this point, a fixed venturi vacuum ejector (VACCON© Min J

Series) using 100 psia nitrogen on its vent line evacuates the combustion tube to a

pressure of about 2 psia. This process ensures that the tube is devoid of air or residual

combustion products prior to propellant fill and the approximately 2 psia remaining

in the tube is oxidizer.
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After purging and evacuating, fuel and oxidizer are flowed simultaneously from

opposite ports to achieve a stoichiometric fuel-oxidizer mixture at the desired initial

pressure. The flow rates of the propellants are controlled by the pressures upstream

of the sonic venturis in each delivery line and the propellants are flowed for the same

amount of time. The flow period is determined based on the target initial pressure,

mixture ratio and the allowable upstream pressures to ensure choking of the sonic

venturis. After pressurizing the tube, a dwell period of 45 s is maintained to allow

any condensed gases to evaporate and allow for diffusion mixing of the propellants.

Figure 3.10 shows fuel, oxidizer and combustion tube pressures during a typical

test. At the end of the dwell period, the LabVIEW VI used to remotely control

the experiment actuates the ignition circuit to either energize the nichrome wire or

initiate discharge across the electrodes of the spark plug, depending on the ignition

method. This ignites the combustible mixture, producing a deflagration wave which

propagates down the tube, transitioning to a detonation when the flame reaches the

appropriate DDT criteria for the mixture. At the end of each test, the high-pressure

vent valve is opened and nitrogen is flowed through the tube for 2-3 minutes to purge

the combustion gases and prepare the tube for the next test. The recorded signals

from high-frequency pressure transducers and the PMT module are then processed

using a data reduction code in MATLAB® for analysis. This procedure is followed

consistently for all tests to maintain uniformity and minimize uncertainty due to

operations.

3.2 Combustion Tube C2

Combustion tube C1 is designed to study detonations in mixtures with initial

pressures several times higher than atmospheric pressure. Due to this criteria, optical

accessibility to study different features of flame acceleration is a challenge. So, to

investigate this phenomenon a second combustion tube, C2, is designed and fabricated

in-house.
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3.2.1 Tube Design

The combustion tube used for this phase of the project is designed with the fol-

lowing criteria: full-length optical accessibility, planar windows to allow schlieren

imaging of the flow-field and sufficiently long to observe ignition, flame acceleration

and DDT. Based on these criteria, this tube has a rectangular inner cross-section of

height 1.01 inches and width 0.74 inches, and is 29.5 inches in length. The design in-

cludes several different parts which are fastened together to form the combustion tube

and so provides a level of modularity if the dimensions need to change for different

mixtures.

Two 3/8th-inch thick polycarbonate sheets are fastened onto two aluminum-6061

square cross-section bars of 0.74×0.74 inch, which forms the inner width. The alu-

minum bars are separated by 1.01 inches to form the height. O-ring cord stock of

0.103-inch thickness is used to create a seal between the polycarbonate sheets and alu-

minum bars to prevent the leakage of propellants or combustion products. These four

parts are machined accurately to a length of 29.5 inches. An igniter plate is fastened

to one of the open ends with a Dash 028 (0.070-inch thick) O-ring to accommodate

either ignition methods discussed in Section 3.1.3. The other open end is covered

with a rupture diaphragm cut from masking tape. The adhesive on the masking tape

is used to provide a partial seal on the combustor face, while a Dash 028 O-ring on

the flange securing the masking tape compresses to provide an air-tight combustor.

Due to safety reasons, combustion tests in tube C2 are restricted to initial pressure

up to 25 psia and the diaphragm ensures relief of detonation over-pressures to protect

the polycarbonate windows. Although, the chosen tube length is longer than the

predicted DDT run-up distance, it is difficult to achieve DDT in this arrangement

as the initial compression waves from the accelerating flame ruptures the diaphragm.

This reduces the strength of the combustion wave thereby preventing DDT. A 3D

schematic of tube C2 is shown in Figure 3.11. The final assembly of combustion tube
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C2 is shown in Figure 3.12. For reference, engineering drawings of individual parts

in this assembly are included in the Appendix D.

The gas delivery system used with this combustion tube is similar to the one

used with combustion tube C1. The the propellants flow into the combustion tube

through two opposing ISO 11926-2 ports on the aluminum bars. The test procedure

for this phase of the project is also similar to that from the high-pressure detonation

experiments. The other two ISO 11926-2 ports on the aluminum bars accommodate

a low-frequency pressure transducer to monitor the initial pressure of the combustible

mixture and VACCON© fixed venturi vacuum ejector to evacuated the tube prior to

propellant fill.

3.2.2 Diagnostics

The ignition process, deflagration and pre-compression in unburned gas mixture

are studied using high-speed imaging. The ignition process and deflagrations are

visualized using direct imaging of the events using a Photron© FASTCAM SA-Z

camera at a frame rate of 20 kHz with a 1024×1024 pixel resolution.

To visualize the compression waves produced by the accelerating flame, a schlieren

system is integrated into the high-speed imaging setup. A schematic of the schlieren

system used is shown in Figure 3.13. A 3.45×3.45 mm emitter LED with a 125°wide

angle and minimum luminous flux of 1300 lm is used to create an approximate point

light source. The light from the LED is collimated onto the test section in tube

C2 using a 3-inch diameter lens with a focal length of 13.5 inches. Downstream of

the test section, the collimateed light is converged onto a circular knife edge using

a 3-inch diameter lens with a focal length of 9.5 inches. The schlieren images are

recorded using a Photron© FASTCAM SA-Z camera at a frame rate of 20 kHz with

a 1024×1024 pixel resolution. An exposure time of 3.75 µs is used for most tests and

is reduced to 2.50 µs or 1.25 µs to capture details of some fast deflagrations. The
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circular knife edge, both lenses and the LED light source are removed when directly

imaging the deflagration. No other instrumentation is used on this combustion tube.
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(a) (b)

Figure 3.5. Nichrome igniter. (a) Nichrome wire soldered to the leads
of Kemlon© feed through; (b) Schlieren image of heated nichrome
wire prior to ignition of combustible mixture.

Figure 3.6. Schematic of the high-energy spark discharge circuit.
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(a) (b)

Figure 3.7. Igniter adapter with spark plug. (a) Top view; (b) Front view.

Figure 3.8. Cross-section view of optic port in igniter adapter showing
major components [82].
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Figure 3.9. Cross-section view of igniter adapters with optic port and
igniter ports. A: with port for Nichrome wire igniter; B: with port for
spark plug.

Figure 3.10. System pressures during a typical test using the evacuated fill method.
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Figure 3.11. 3D schematic of combustion tube C2 with labelled parts.

Figure 3.12. Assembled combustion tube C2 on the optics table with
propellant lines, pressure transducer stand-off line (white plastic tube)
and vacuum ejector (blue cylinder). The spark igniter is fastened to
the igniter flange on the right.
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Collimating Lens

LED

Converging Lens

Photron FASTCAM

SA-Z Camera

Combustion Tube C2

Circular Knife Edge

f = 13.5 inches

D = 3 inches

f = 9.5 inches

D = 3 inches

Figure 3.13. Schematic of the high-speed schlieren system used to
visualize deflagrations in combustion tube C2.
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4. THEORETICAL CALCULATIONS

This chapter presents theoretical flame and detonation calculations. The theoretical

detonation calculations will be used for comparison with experimental measurements

and the flame calculations will be used to explain flame acceleration measurements in

the planar detonation setup. A summary of the calculated parameters considered is

this study is given in Table 4.1. The theoretical parameters are calculated for a range

of initial pressures (p0) and equivalence ratios (ϕ) using Cantera [83], an open-source

suite of tools for problems involving chemical kinetics, thermodynamics, and trans-

port processes. The parameters considered are: laminar flame speed (SL), expansion

ratio (θ), product of laminar flame speed and expansion ratio (visual flame speed), CJ

detonation pressure (PCJ) and velocity (DCJ), ZND induction time (τi) and exother-

mic pulse time (τe). These parameters are calculated for three fuel-oxidizer combi-

nations: ethylene-nitrous oxide, ethylene-oxygen, and ethylene-air. Additionally, CJ

detonation properties are calculated for acetylene (C2H2)-nitrous oxide and ethylene-

nitrogen tetroxide (N2O4). Calculations involving ethylene-air and ethylene-nitrogen

tetroxide are for benchmark comparisons. In addition to these properties, reflected

pressure calculations are performed for ethylene-nitrous oxide at different initial pres-

sures to provide a scale for reflected pressures measured in the experiments relative to

CJ detonation pressures. The calculations are carried out at an initial temperature

of 300 K for all cases. When varying the initial pressure, a stoichiometric equiva-

lence ratio is used; when varying the equivalence ratio, the initial pressure is kept

constant at 1 atm (14.7 psia). The thermodynamic and transport data used in these

calculations is from the Mével mechanism [41] which includes relevant nitrogen and

oxygen chemistry with small hydrocarbons. The following section presents detonation

calculations and Section 4.2 describes flame properties in the considered mixtures.
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Table 4.1. Summary of theoretical calculations in this chapter.

Figure
Number

Parameter Oxidizer Comments

4.1(a)
CJ Detonation Velocity
vs. Initial Pressure

N2O, O2,
Air, N2O4

TCJ vs. p0 plots
follow similar trends

4.1(b)
CJ Detonation Velocity
vs. ϕ

N2O, O2,
Air, N2O4

DCJ greatest for N2O at ϕ ≤ 0.4
due to highest heat of reaction

4.2(a)
CJ Detonation Pressure
vs. Initial Pressure

N2O, O2,
Air, N2O4

Ranking of PCJ at a given p0 is a
function of mixture molecular weight

4.2(b)
CJ Detonation Pressure
vs. ϕ

N2O, O2,
Air, N2O4

Plot trends are due to direct
proportionality with D2

CJ

4.3
Reflected & CJ Pressure
vs. Initial Pressure

N2O

4.5(a)
ZND Induction Time
vs. Initial Pressure

N2O, O2, Air Main dependency is on ρs

4.5(b)
ZND Induction Time
vs. ϕ

N2O, O2, Air
Dependent on ρs and
fuel-oxidizer concentration

4.6(a)
ZND Exothermic Pulse
Time vs. Initial Pressure

N2O, O2, Air τe,N2O comparable to τe,O2

4.6(b)
ZND Exothermic Pulse
Time vs. ϕ

N2O, O2, Air τe,N2O comparable to τe,O2

4.7(a)
Laminar Flame Speed
vs. Initial Pressure

N2O, O2, Air No p0 dependence

4.7(b)
Laminar Flame Speed
vs. ϕ

N2O, O2, Air
Maximum at slightly rich conditions
and tails off on either sides

4.8(a)
Expansion Ratio
vs. Initial Pressure

N2O, O2, Air
Remains approximately
constant with changing p0

4.8(b)
Expansion Ratio
vs. ϕ

N2O, O2, Air
Trends are similar to
PCJ vs. ϕ

4.9(a)
Visual Flame Speed
vs. Initial Pressure

N2O, O2, Air

4.9(b)
Visual Flame Speed
vs. ϕ

N2O, O2, Air

4.1 Detonation Parameters

The detonation parameters discussed in this section are calculated using the Shock

and Detonation Toolbox (SDT), an open-source software library that uses the Cantera

software package [84]. It has the capability to compute both CJ and ZND detonation

properties. As discussed in Chapter 1, the CJ detonation properties are obtained using

purely thermodynamic calculations, while the ZND properties are 1D calculations

based on reaction rates to describe the detonation structure.
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4.1.1 CJ Detonation Parameters

First, the CJ detonation velocity (DCJ) as functions of initial pressure (p0) and

equivalence ratio (ϕ) are shown in Figures 4.1(a) and 4.1(b). For stoichiometric

mixtures of nitrous oxide, oxygen and air with ethylene, the CJ detonation veloci-

ties are highest with oxygen as the oxidizer and lowest with air, and the velocities

for all three mixtures increase only slightly over the range of 14.7-350 psia initial

pressures, with a relatively faster increase at lower initial pressures. These features

are shown in Figure 4.1(a). The reason for this behavior is understood by looking

at the simplified expression for CJ detonation velocity, Equation 1.6. The CJ det-

onation velocity is directly proportional to the ratio of specific heats, γ, and the

square root of heat of reaction, Q, of the mixture. Assuming complete combustion,

the heat of reaction is the highest for oxygen mixtures, then ethylene-nitrous oxide

(≈ 0.58QO2) and lowest for ethylene-air (≈ 0.28QO2), but remains constant with in-

creasing initial pressure. Therefore, the slightly increasing trend of the CJ detonation

velocity curves is attributed to the variation in the ratio of specific heats with initial

pressure. Although, γ is highest for air mixtures and lowest for oxygen mixtures,

this difference is negligible enough (average burned equilibrium values: γair = 1.23,

γN2O = 1.17 and γO2 = 1.16) that heat of reaction is the dominant factor in driving

the ranking in CJ detonation velocities for these mixtures. This is also discussed

by Kaneshige et al. [12] in their work on detonations in mixtures containing nitrous

oxide. They conclude that DCJ of nitrous oxide mixtures is lower than that of oxy-

gen mixtures because of the production of N2 during the dissociation of N2O. The

N2 dilutes the combustion products, which offsets energy release due to the positive

heat of formation of N2O. Due to this, O2 is a more energetic oxidizer than N2O for

stoichiometric and fuel-rich mixtures. This work also compares the performance of

ethylene and acetylene as a mixture with nitrous oxide. The CJ detonation velocity

calculations for acetylene are comparable to ethylene, but slightly higher due to the

higher heat of reaction with acetylene. The theoretical calculations also include CJ
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detonation velocities for ethylene-nitrogen tetroxide for benchmark comparison with

the other mixtures and are again higher than those for ethylene-nitrous oxide, but

lower than ethylene-oxygen.
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Figure 4.1. Theoretical CJ detonation velocities for gas mixtures. (a)
vs. initial pressure at ϕ = 1; (b) vs. ϕ at 14.7 psia (1 atm) initial
pressure.

The CJ detonation velocity as a function of equivalence ratio at a fixed initial

pressure of 14.7 psia is shown in 4.1(b). An interesting trend is observed at lean

equivalence ratios. At equivalence ratios ϕ ≤ 0.4, the CJ detonation velocity is

higher for nitrous oxide mixtures than oxygen mixtures and this is due to the higher

heat of reaction for ethylene-nitrous oxide mixtures in comparison to ethylene-oxygen

mixtures in that region. For fuel lean mixtures, Kaneshige et al. [12] conclude that

the decomposition of N2O plays an essential role in making these mixtures more

detonable than those with oxygen as the oxidizer. Nitrous oxide can exothermically

decompose even in the absence of a fuel leading to higher detonation velocities for

lean fuel-N2O mixtures than those in fuel-O2 mixtures at the same equivalence ratio.

However, Kaneshige et al. [12] reported that for extremely lean mixtures, the N2O

decomposition is limited by the lack of H-atom bearing species which are required

to catalyze the decomposition reaction. Their tests do not result in detonations in

mixtures of less than 5% H2 with N2O.
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Next, CJ detonation pressures (PCJ) are compared for these five mixtures as func-

tions of initial pressure (p0) and equivalence ratio (ϕ) and are shown in Figures 4.2(a)

and 4.2(b). For all mixtures at ϕ = 1, PCJ increases linearly with increasing initial

pressure, with nitrogen tetroxide mixtures producing the highest detonation pressures,

followed by nitrous oxide, oxygen and lowest for air mixtures. Once again, ethylene

and acetylene with nitrous oxide produce comparable values. There is a unique slope

for the CJ pressure versus initial pressure curve for each mixture: 68.42 for ethylene-

N2O4, 42.49 for acetylene-N2O, 41.47 for ethylene-N2O, 36.85 for ethylene-O2 and

19.15 for ethylene-air. With ethylene as the fuel, the increase in detonation pres-

sure when changing from oxygen to nitrous oxide is relatively small, approximately

12−15%. Once again, analyzing this trend based on CJ theory, Equation 1.7 indicates

that CJ detonation pressure is directly proportional to the unburned gas density (ρ0)

and to the square of the CJ detonation velocity (DCJ). For example, scaling the CJ

detonation pressures for ethylene-nitrous oxide and ethylene-oxygen mixtures with

these properties leads to the following:

PCJ,N2O

PCJ,O2

∼
D2

CJ,N2O

D2
CJ,O2

ρu,N2O

ρu,O2

= (0.85)(1.345) = 1.14. (4.1)

This value is very close to the average ratio of CJ detonation pressures for these two

mixtures (= 1.134) in the initial pressure range considered. As discussed earlier in

this section, the CJ detonation velocity does not vary much with initial pressure and

therefore the increasing trend in CJ detonation pressure is solely attributed to the

linear increase in unburned density of the mixtures.

Assuming an ideal gas, for a given initial temperature, the unburned density is

a directly proportional to the initial pressure and molecular weight of the unburned

gas mixture. For each fuel-oxidizer mixture, the molecular weight of the unburned

mixture at ϕ = 1 is constant and does not change with increasing pressure. Thus,

the increase in the unburned gas density is directly proportional to the increase in

initial pressure, where the constant of proportionality is the molecular weight. In
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comparing nitrous oxide with oxygen and air, nitrous oxide mixtures have the highest

molecular weights (≈ 66), then oxygen mixtures (≈ 31) and lowest for air mixtures

(≈ 29). Therefore, the higher molecular weights for nitrous oxide mixtures explains

the higher PCJ for nitrous oxide versus oxygen mixtures.

The CJ detonation pressures as a function of equivalence ratio are shown in Fig-

ure 4.2(b). The trends are similar to the non-linear dependence of CJ detonation

velocities on ϕ shown previously in Figure 4.1(b). This is explained by the fact that

the unburned gas densities of these mixtures are relatively constant over the selected

range of equivalence ratios and hence they only act as scaling factors in the equation

for CJ detonation pressure. Due to this scaling, higher densities of nitrous oxide

mixtures over oxygen mixtures, due to higher molecular weights, produce higher CJ

detonation pressures.
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Figure 4.2. Theoretical CJ detonation pressures for gas mixtures. (a)
vs. initial pressure at ϕ = 1; (b) vs. ϕ at 14.7 psia (1 atm) initial
pressure.

Calculations of reflected detonations are also performed for comparison with the

recorded pressures at the closed end of the combustion tube (p13). The theoretical

reflected detonation pressure vs. initial pressure for a stoichiometric ethylene-nitrous

oxide mixtures is shown in Figure 4.3. The reflected detonation pressure is approx-

imately 2.5 times larger than CJ detonation pressure for the same initial pressure,
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as expected from basic reflected shock theory. However, these calculated reflected

pressures are still significantly lower than the measured pressures at the reflecting

end (p13), as discussed in the following chapter.
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Figure 4.3. Comparison of theoretical CJ detonation and reflected
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4.1.2 ZND Parameters

As discussed in Chapter 1, a detonation is a supersonic combustion wave in which

the leading shock and reaction zone are coupled. The leading shock raises the tem-

perature and pressure of a combustible mixture initiating a coupled thermal chain-

branching explosion. After an induction time, exothermic recombination reactions

create product species whose expansion acts as a piston propelling the shock wave

forward. The interaction between the leading shock and consequent reaction zone is

a defining characteristic of self-sustained detonations [85]. The basic features of this

detonation structure are captured in the ZND model. A schematic representation of

the ZND detonation structure in shock-fixed coordinates is shown in Figure 1.3. This

model assumes that the mixture composition remains the same across the leading

shock. The region behind the shock is defined by two time scales: τi, the induction
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time, and τe, the exothermic pulse time. These time scales are determined from the

thermicity profile in the region behind the leading shock. An example of a thermicity

profile is shown in Figure 4.4 obtained from ZND calculations for a stoichiometric

ethylene-oxygen mixture at 70 psia. The time scales are calculated using the ZND

solver in the Shock and Detonation Toolbox [84] in Cantera [83]. For ease of compar-

ison, the ZND calculations presented in this chapter are restricted to ethylene-nitrous

oxide, ethylene-oxygen and ethylene-air mixtures only.
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Figure 4.4. Example of a thermicity profile behind the leading shock
of the ZND structure for stoichiometric ethylene-oxygen at 70 psia
and 300 K.

The induction time is the time to maximum thermicity as indicated in Figure 4.4.

For the three ethylene-oxidizer mixtures, these times are calculated at stoichiometric

equivalence ratio with increasing initial pressure, shown in Figure 4.5(a), and at 14.7

psia (1 atm) initial pressure with varying equivalence ratio, shown in Figure 4.5(b).

The figures provide a relative comparison of the time duration over which chain

branching reactions occur. For all initial pressures and equivalence ratios, oxygen

mixtures have the shortest induction times with air mixtures having the longest times.

As shown in Equation 1.10, induction time is a function of the post-shock density and

temperature and the activation energy. From calculations, it is seen that the term
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exp
(

Ea

RTs

)
does not vary appreciably with initial pressure for oxygen and air mixtures,

but increases three times for nitrous oxide mixtures (N2O: 0.5−1.5, O2: 0.011−0.016

and Air: 0.13−0.16). The post-shock density increases with increasing initial pressure

for all ethylene-oxidizer mixtures, with the highest increase for nitrous oxide mixtures

and lowest for air mixtures and this is due to the difference in molecular weights of

the mixtures as discussed in Section 4.1.1. Therefore, τi decreases at a rate of 1/ρ2s for

oxygen and air mixtures, but for nitrous oxide mixtures τi decreases slower than 1/ρ2s

as exp
(

Ea

RTs

)
is increasing with increasing p0. This inverse square proportionality

of τi to ρs leads to the shape of the curves shown in Figure 4.5(a). In addition to

these dependencies on the initial pressure, τi is also inversely proportional to fuel and

oxidizer concentrations, and the varying reactant concentrations due to increasing ϕ

is responsible for the trends shown in the figure 4.5(b).
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Figure 4.5. ZND induction time for gas mixtures with ethylene. (a)
vs. initial pressure at ϕ = 1; (b) vs. ϕ at 14.7 psia (1 atm) initial
pressure.

Next, the exothermic recombination zone is characterized by the exothermic pulse

time and is defined as the full-width at half-maximum of the thermicity pulse as

shown in Figure 4.4. The exothermic pulse time is calculated for the same initial

conditions as those used for the induction time and plotted in Figures 4.6(a) and

4.6(b). These times are comparable for the nitrous oxide and oxygen mixtures at
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equivalence ratios above 0.5 for all initial pressures, but τe for air mixtures are at

least an order magnitude higher. Effectively, the rate of heat release in the reaction

zone with nitrous oxide as the oxidizer is comparable to that in a fuel-oxygen mixture.
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Figure 4.6. ZND exothermic pulse time for gas mixtures with ethy-
lene. (a) vs. initial pressure at ϕ = 1; (b) vs. ϕ at 14.7 psia (1 atm)
initial pressure.

4.2 Flame Parameters

A study on deflagration-to-detonation transition is not complete without the un-

derstanding of the accelerating flame and the flame properties which affect this ac-

celeration. Consider a flame initiated at the closed end of a vessel and propagating

towards the opposite end, inducing an outward flow in the unburned gas mixture

ahead of it due to expansion of the high temperature burned gases. Considering a 1D

assumption, this induced flow has a velocity u = (θ−1)SL while the flame propagates

with a velocity UfL = θSL in the laboratory frame of reference [86], where SL is the

normal laminar flame speed at the ambient conditions and θ = ρu/ρb is the expansion

ratio or the ratio of unburned to burned gas densities. The flame front moves with

laminar flame speed, SL with respect to the upstream flow and simultaneously is en-

trained by the flow ahead of it with its local velocity. Due to friction at the walls, the
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flame front moves slower near the walls in comparison to the axis of the vessel. This

establishes a finger-shaped flame front and the flame front is stretched as it advances

into the unburned flow ahead. The stretching of the flame front increases the rate

of heat release which enhances the effective burning velocity. An increased burning

velocity further induces the flow field ahead of the flame which leads to further flame

stretching. Due to this positive feedback, the velocity of the combustion wave during

early stages increases exponentially in time as

UfL = θSLexp(αSLt/d), (4.2)

where α is a numerical factor of the order of unity [21].

In order to achieve deflagration-to-detonation transition in a mixture, an essential

preceding phenomenon is acceleration of the flame. Therefore, empirical correlations

and simplified analytical models to predict run-up distance have been derived based

on the flame parameters that are important for acceleration. For example, some of

these parameters are laminar flame speed, expansion ratio which is directly related to

the heat of combustion, and the velocity or Reynolds number of the induced flow in the

unburned gas. These analytical models also assume that the flame must accelerate to a

critical speed, equal to the speed of sound in the unburned gases, in order to transition

to a detonation. So, Bollinger et al. [15] develop such an empirical correlation based on

the heat of combustion, laminar flame speed, sonic velocity in the unburned mixture

(au) and Reynolds number (Reu) of the induced flow in the unburned mixture by the

expansion of the burned gases. The heat of combustion is accounted for as the ratio

of flame temperature to initial temperature (Tb/Tu). They also discuss that a mixture

with a fast burning speed can induce a sufficiently high Reynolds number to induce

turbulence in unburned mixture. They use the Reynolds number of the unburned gas

flow, based on the laminar flame speed and tube diameter, to establish a qualitative
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relationship between flame turbulence and the detonation run-up distance. Based on

these parameters they develop an empirically determined K function

K = Reu

(
SL

au

)(
Tb

Tu

)
(4.3)

and plot the measured run-up distances for CO-O2, H2-O2 and CH4-O2 as a function

of K. A unique trend is observed between the measured run-up distances and the K

function for the H2-O2 and CO-O2 systems irrespective of the initial pressure or fuel

concentration. However, for the stoichiometric CH4-O2 and 50% CH4-O2 systems,

the trends followed by the data points are shifted away from the earlier trend, with

the latter system significantly separated from the others reported in this study.

It is possible that the results from the ethylene-oxidizer tests in the current work

could be correlated with parameters in the combustion wave velocity relation or the

K function. might follow the combustion wave velocity relation (Equation 4.2) or

agree with the K function correlation (Equation 4.3). These models are based on

the laminar flame speed and expansion ratio of the combustible mixture, so it is

essential to understand the behavior of these properties at different initial conditions.

By definition, the laminar flame speed of a mixture, SL, is the velocity at which

a flame propagates orthogonally into a quiescent mixture [3]. The laminar flame

speeds are calculated for all three ethylene-oxidizer mixtures as functions of initial

pressure and equivalence ratio and are shown in Figures 4.7(a) and 4.7(b). The

laminar flame speed of ethylene-oxygen is the highest for all initial conditions and has

a weak positive dependence on initial pressure. The laminar flame speeds for nitrous

oxide and oxygen mixtures remain approximately constant over the considered range

of initial pressures. With a variation in equivalence ratio, all three systems exhibit

peaks in laminar flame speeds around the stoichiometric mixture ratio as expected.

The lack of pressure dependence of laminar flame speeds is in accordance with the

theory of Mallard and Le Châtelier, which states that

SL ∼ p(n−2)/2 (4.4)
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where n is the global reaction order [87] and is approximately equal to 2 for the three

mixtures.
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Figure 4.7. Laminar flame speed for gas mixtures with ethylene. (a)
vs. initial pressure at ϕ = 1; (b) vs. ϕ at 14.7 psia (1 atm) initial
pressure.

Another important parameter influencing the early stages of flame acceleration

is the expansion ratio, θ, which is the ratio of densities in the unburned (ρu) to the

burned mixture (ρb). The expansion ratios are calculated for the mixtures in this

study across an isobaric flame and are shown in Figures 4.8(a) and 4.8(b). The

unburned gas density is directly proportional to the initial pressure and molecular

weight of the mixture, and for a given initial pressure, the unburned density is highest

for the nitrous oxide mixtures due to its high molecular weight and lowest for air

mixtures. The unburned molecular weights do not vary as a function of initial pressure

which results in a linear dependence of unburned gas density on initial pressure.

The burned gas density is again directly proportional to the molecular weight and

pressure of the burned gas, and inversely proportional to the flame temperature.

The burned molecular weight and flame temperature increase slightly with increasing

initial pressure which again results in a linear dependence of burned density on initial

pressure of gas mixture. Due to this, there is no appreciable variation in the expansion

ratio of these mixtures with increasing initial pressure, resulting in θN2O ≈ 17, θO2 ≈
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15 and θair ≈ 8.2. However, varying the mixture ratio changes the molecular weight

of the burned gas and the flame temperature, resulting in the shape of expansion

ratio curves as a function of equivalence ratio shown in Figure 4.8(b).
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Figure 4.8. Expansion ratio for gas mixtures with ethylene. (a) vs.
initial pressure at ϕ = 1; (b) vs. ϕ at 14.7 psia (1 atm) initial pressure.

In the early stages of burning in a closed vessel, the velocity of the flame increases

due to confinement of the combustion products. As mentioned earlier, considering a

1D assumption, the visual flame speed of the combustion wave (UfL) increases expo-

nentially from an initial value of θSL with time. In this initial phase of propagation,

the velocity of the flame is related to this product of laminar flame speed and expan-

sion ratio as described in Equation 4.2. The expansion ratio amplifies the laminar

flame speed and the variation in visual flame speeds are shown in Figures 4.9(a) and

4.9(b) for the different mixtures. Nettleson reports that an analysis of flame accel-

eration indicates that a shock first forms as the velocity of the flame approaches the

speed of sound in the uncompressed reactants [3]. Thus, a mixture with a higher

initial visual flame speed and laminar flame speed exhibits faster flame acceleration

which can lead to earlier DDT.
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5. EXPERIMENTAL RESULTS & DISCUSSION

5.1 Data Analysis Methods

For all tests conducted in combustion tube C1, the main measurement parameters

are pressure induced by the combustion wave during its propagation, light intensity

from the combustion, and pressure and temperature upstream of the the sonic venturis

on the propellant lines. General details of the methods used to analyze the data

from these measurements are discussed in this section. More specific details of these

methods are discussed along with the results.

5.1.1 Mixture Ratio

The pressures (Pu) and temperatures (T ) upstream of the sonic venturis are sam-

pled at 100 Hz each and are recorded using a National Instruments© USB-6351 data

acquisition module via LabVIEW software. These pressure and temperature measure-

ments are used to monitor the progress of tests and to calculate the mass flow rate

(ṁ) of the gases introduced into the combustion tube. The venturis remain choked

for a steady upstream pressure at least 1.2 times the downstream pressure and thus

maintains a constant mass flow rate. In these tests, an upstream pressure at least

1.35 times the target mixture pressure in the combustion tube is maintained on both

propellant lines to ensure choked flow through the sonic venturis during the entire fill

period. The propellant delivery lines are designed such that the volume between the

pneumatic valve and the sonic venturi is sufficiently small that the pressure rises to

a steady upstream pressure instantaneously upon actuating the valve, with negligible

transient behavior in the mass flow rate. Using this property of a sonic venturi and

assuming ideal gas behavior, the mass flow rate of each gas is calculated as:



74

ṁ =
CdAsPu√

RuT
µg

√(
γ

2

γ + 1

) γ+1
γ−1

. (5.1)

The actual O/F ratio is then calculated as the ratio of oxidizer mass flow rate to

fuel mass flow rate. The sonic venturis are designed and manufactured by FlowMaxx™

Engineering in accordance with ASME MFC-7M standards, which predicts an uncal-

ibrated flow accuracy of ±1% of flow reading. The actual O/F ratio for all tests,

based on this method of setting mass flow rates using sonic venturis, is within 10%

of the targeted stoichiometric O/F ratio.

5.1.2 Combustion Pressure

As discussed in Chapter 3, 10 PCB® 109C11 pressure transducers are installed

along the length of combustion tube C1. The first pressure transducer is located

4.378 inches away from the igniter plane and the subsequent transducers are 6 inches

apart. The last transducer on the tube side wall and the one at the dead end are

4.65 inches apart. These high-frequency pressure transducers are sampled at 600 kHz

each and the signals from these transducers recorded during a typical test are shown

in Figure 5.1.

The amplitude corresponding to the first peak of each pressure signal is chosen as

the pressure at that pressure transducer location. At least four tests are conducted at

each initial pressure to assess the repeatability of measured pressures. These multiple

tests at each initial pressure provide a recording of at least four peak pressures at each

pressure transducer location along the tube. At each pressure transducer location,

the multiple peak pressures measured are averaged to provide a representative mean

peak pressure at that location and the associated standard deviation is also calculated.

Post-DDT, these mean peak pressures show some variation along the tube, which is

shown in Figure 5.2 for ethylene-N2O at 20 psia initial pressure using spark ignition.
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Figure 5.1. Pressure signals from a typical test for a stoichiometric
ethylene-nitrous oxide mixture at p0 = 50 psia.

The error bars in Figure 5.2 represent the standard deviation of the measured peak

pressures at each location, which corresponds to the variation in peak pressures.
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Figure 5.2. Mean peak pressure at each location along the combustion
tube and standard deviation of peak pressures over multiple tests
with C2H4-N2O at p0 = 20 psia using spark ignition. CJ pressure is
represented by the dashed line. No pressure transducer at locations 9
& 11.

The sensor surface on the PCB® pressure transducers has a diameter of 0.245

inches and are installed in a recessed configuration as shown in the schematic in

Figure 5.3. The recess protects the sensing surface from the harsh combustion envi-
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ronment and a reduced recess diameter relative to that of the sensing surface improves

spatial resolution of the measurement. The recess diameter used on all ports is 0.188

inches, but this dimension is a few orders of magnitude larger than the detonation

reaction zone thickness. Due to this, these pressure transducers cannot measure the

post-shock von Neumann spike described in Chapter 1 as the detonation pressure

profile is averaged over the recess diameter. As a consequence of this, the measured

pressure is much closer to the equilibrium pressure of the detonation wave as high-

lighted by Craven and Greig [88]. This discussion is important in understanding

that the peak pressures measured in this work, although higher than CJ detonation

pressures, are certainly not the von Neumann spikes.

Figure 5.3. Schematic of the PCB® pressure transducer port on com-
bustion tube C1 with details of the recess depth.

A consequence of installing these pressure transducers in a recess port is the

attenuation/amplification and phase distortion of the measured pressure signal. A

preliminary study on the effects of PCB® transducer installation port design on pres-

sure signals is included in Appendix B. Although this study provides some insight

into the difference between steep-fronted pressures measured by a pressure transducer

installed in a flush versus recessed port, the calibration resulting from these measure-
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ments is not used to correct the pressures measured in the nitrous oxide detonation

study. This is due to the complex behavior of steep-fronted pressure waves in reactive

flows and their dependence on several initial conditions such as pressure, temperature,

propellant combination and mixture ratio, to name a few.

5.1.3 Combustion Velocity

In addition to pressure measurements, consecutive pressure signals are cross-

correlated to obtain the time delay between them. The distance between consecutive

pressure transducers is then divided by this time delay to determine the average ve-

locity of the combustion wave between these pressure transducers. These velocities

along the tube are shown in Figure 5.4 at half-point locations to indicate that they

are average velocities between two consecutive measurement locations. The error

bars again indicate variations in the velocity at each location over multiple tests con-

ducted at an initial pressure and Figure 5.4 shows that these variations are minimal

post-DDT.

CJ Velocity: 2217 m/s

0

1

2

3

0 1 2 3 4 5 6 7 8 9 10 11 12 13

V
e

lo
ci

ty
 [

k
m

/
s]

Pressure Transducer Location

Ignition

location

Eth-N2O – spk – 20 psia

Figure 5.4. Average velocity at each location along the combustion
tube and standard deviation of velocities over multiple tests with
C2H4-N2O at p0 = 20 psia. CJ velocity is represented by the dashed
line. No pressure transducer at locations 9 & 11.

The velocity profile shown in Figure 5.4 can be used to estimate the location of

DDT. For the case shown in Figure 5.4 (ethylene-N2O at p0 = 20 psia), the defla-

gration transitions to a detonation in the region between pressure transducers 3 and
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4 because the interpolated combustion wave velocity exceeds the CJ detonation ve-

locity. This method of estimating the DDT location or run-up distance is usually

referred to as the time of flight (TOF) method, which has been used in an earlier se-

ries of tests [54] and by other researchers with photodiodes [19,89], ion probes [90] or

pressure transducers [18,20,79,89,91] along the combustion tube. However, since the

estimated velocity is an average of the velocity between two consecutive locations, it

is more likely that the DDT location for the case in Figure 5.4 is somewhere between

transducer locations 2 and 3.

5.1.4 Run-up Distance

To determine the DDT location and measure the run-up distance with better ac-

curacy, the PMT module installed axially at the ignition plane is used to measure

the light intensity of the combustion wave. As described in Chapter 3, the light

intensity suddenly increases when the deflagration transitions to a detonation. Fig-

ure 5.5 shows an example of the PMT signal and the time associated with the circled

inflection point represents the DDT time (tDDT ).

The deflagration is said to have transitioned to a detonation beyond tDDT and

travels at a stable velocity. On a distance-time plot, this stable velocity is the slope

of the straight line representing the detonation trajectory. Such a distance-time plot

is shown in Figure 5.6, where the pressure signals and the PMT signal are also super-

imposed to determine the DDT location. This is achieved by extrapolating the deto-

nation trajectory backwards to meet the PMT signal at tDDT , as shown in Figure 5.6,

where the slope of the PMT signal is 2.01× 105 V/s. The corresponding distance of

this intersection from the ignition plane is defined as DDT location (LDDT ).

5.1.5 Pre-compression

In addition to the PCB® dynamic pressure transducers, two piezoresistive pres-

sure transducers are installed in plane with the first two PCB® transducers closest
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DDT

Figure 5.5. Signal from the PMT module installed axially in com-
bustion tube C1. The sudden increase in the signal indicates DDT
location.

to the ignition plane. These two installation planes are 4.378 and 10.378 inches from

the ignition plane. The details of these sensors and their arrangement in tube C1

are described in Chapter 3. The piezoresistive pressure transducers, manufactured

by Kulite®, are used to measure and study the pre-compression caused by the ac-

celerating flame in the unburned gas mixture ahead of it. The construction of these

sensors are different from the PCB® sensors such that they have a protective screen

called the “B” screen to eliminate the possibility of particles hitting the sensor di-

aphragm. The screen is 0.005 inches in front of the diaphragm and has 0.006-in holes

to enable the interaction of the diaphragm with the pressure waves. So, the cavity

created between the screen and the diaphragm attenuates the high-frequency content

of a steep-fronted wave such as a detonation. Due to this, these pressure transducers

are not able to resolve the peak pressure of a detonation wave. However, since they

are DC coupled sensors with a large discharge time constant, they are well-suited to

measure quasi-steady state pressures in a flow.
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Figure 5.6. Distance-time plot of the combustion wave for ethylene-
O2 at p0 = 30 psia showing DDT time and location. DDT location is
determined at the intersection of the PMT signal and the detonation
wave trajectory.

These Kulite® senors are installed 4.378 and 10.378 inches from the ignition plane

because the flame transitions to a detonation only beyond this length in the mixtures

and initial pressures investigated in this work. This enables the measurement of

the compression waves produced by the accelerating flame. Similar to the PCB®

sensors, the Kulite® pressure transducers are also sampled at 600 kHz each and record

pressure-time signals at two discrete locations. An example of the pressure signals

from these sensors is shown in Figure 5.7. For clarity, Figure 5.7 does not include the
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pressure signals from the PCB® sensors and only shows the pressure peaks from the

first four PCB® senors as markers to reference the time of arrival of the combustion

wave in relation to the Kulite® pressure signals. The vertical black dashed line

indicates the time of DDT. This figure helps to illustrate the pressure growth in the

unburned gas mixture ahead of the flame. From these pressure signals, the time at

which a pressure reaches the two Kulite® sensors is used to estimate the distance-time

path of the accelerating flame. For instance, in Figure 5.7, a compression wave with

pressure p1 arrives at the locations of the two sensors at times t1,k1 and t1,k2 and this

forms a C+ characteristics as per 1D unsteady gas dynamics theory. Using similar

information from other compression waves, like p2 in Figure 5.7, the path travelled

by the flame prior to DDT can be estimated. This analysis is further elaborated in

Section 5.5.

Figure 5.7. Kulite® pressure signals indicating compression waves
produced by the accelerating flame in a stoichiometric ethylene-
nitrous oxide mixture at p0 = 20 psia. Temporal location of DDT
is shown as a vertical black dashed line. Red markers represent the
pressure peaks measured by PCB® pressure transducers. Red dashed
lines temporally locate two compression waves of p1 = 10 psia and
p2 = 50 psia which are used to estimate the flame path.
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5.2 Detonations in Nitrous Oxide Mixtures in Combustion Tube C0 (L/d

= 6.13) [6]

As mentioned in Chapter 3, the design of combustion tube C1 is motivated by

tests conducted in an earlier combustion tube of L/d = 6.13 using a stoichiometric

mixture of ethylene-nitrous oxide. This section briefly describes results from tests

conducted in this smaller combustion tube.

Combustion tube C0 has an internal length of 24.5 inches, wall thickness of 2

inches, inner diameter of 4 inches and is constructed of alloy steel (4340). The tube

is designed for a static pressure of 20 ksia and is hydrostatically tested to 30 ksia. As

shown in the cross-section view in Figure 5.8, the tube has three ports on the side

wall and one port through the cover (labeled 1 in Figure 5.8) which accommodate

four PCB® 109C11 pressure transducers. The propellant delivery system and test

procedures are the same as those used with combustion tube C1 except the filling

procedure. A purge fill method is used for all tests in this combustion tube, which

first involves purging the tube with the oxidizer for approximately 20 s to eliminate

air or residual combustion gases after which the tube is allowed to equalize to ambi-

ent pressure. Then, the combustion tube is closed before fuel and oxidizer are flowed

simultaneously from opposite ports to fill the rest of the volume to achieve a stoi-

chiometric mixture. However, this method did not adequately prevent the mixing

of nitrogen from purging or air with the combustible mixture. This is determined

based on preliminary tests conducted in combustion tube C1 with ethylene-N2O and

ethylene-O2 using this purge fill method. In these preliminary tests, a mixture of

ethylene-O2 did not ignite with both ignition methods below p0 = 50 psia in spite of

evidence from literature to prove otherwise. However, switching to the fill procedure

described in Chapter 3 ensured ignition of ethylene-O2 even at p0 = 14.5 psia which

leads to the conclusion that the oxidizer is diluted during the time when the tube is

allowed to equalize with ambient pressure. Hence, the fill method described in Chap-

ter 3 is used for all tests conducted in tube C1 and presented in this chapter. Ignition
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in C0 is achieved using a 3.5 inch nichrome wire attached to electrodes installed at

locations indicated in Figure 5.8 that is energized using an 18 VDC Li-Po battery

switched on by a solid state relay.

Figure 5.8. Cross-sectional view of combustion tube C0 (L/d = 6.13)
with important dimensions, inlet and outlet ports and electrode loca-
tions shown

Experimental runs with initial pressures of 125, 150, 200 and 337 psia are con-

ducted and pressure signals are recorded at four different locations along the length

of the tube. The equivalence ratios achieved during these tests is within ±6% of

the targeted stoichiometric equivalence ratio. The measured peak pressures and esti-

mated velocities are plotted against transducer locations and shown in Figures 5.9(a)

and 5.9(b). The CJ detonation pressures, PCJ , and velocities, DCJ , calculated using

the Shock and Detonation Toolbox, are also shown in the form of ranges in these

figures. The sudden rise in the peak pressure observed in Figure 5.9(a) indicates that

the combustion wave has already transitioned to a detonation at this location. This

behavior is observed at location 1 during all the tests presented.

The most striking result is the very high pressures recorded during the tests.

For the experiment with the lowest initial pressure of 125 psia, the predicted CJ

detonation pressure is approximately 5 ksia. However, the first transducer measures
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Figure 5.9. Measured combustion properties in combustion tube C0
vs. transducer location. (a) Peak pressure; (b) Velocity.

a pressure more than twice the CJ value, 12.6 ksia. Similar results are also observed

for the tests at higher initial pressures, with the measured peak pressure at the first

transducer exceeding the predicted CJ value by a factor of 2 to 3. It is to be pointed

out that these pressures are not corrected based on the recessed transducer port design

as the port design is slightly different from the one used on C1. However, the average

velocity of the combustion wave between the igniter and the first transducer is on the

order of 90 m/s, well below the CJ detonation velocity. The heated nichrome wire

ignites the gas thermally and does not produce a shock, which is necessary to directly

initiate a detonation. Since the energy of the igniter is far too low to directly initiate

a detonation, it must first initiate a deflagration that then transitions to a detonation

between the ignition point and the first transducer.

The ethylene-nitrous oxide mixture at elevated pressures is likely highly unstable

and becomes a turbulent flame immediately following ignition. The turbulent flame

produces pressure waves upstream which pre-compress the unburned gas. These waves

reflect off the tube walls and further interact with the flame front, magnifying the

flame front turbulence and enhancing the flame acceleration. As explained by Lee [2],

if the flame acceleration mechanisms can bring the flame to a critical deflagration
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speed (usually on the order of half the CJ speed), the flame velocity then accelerates

rapidly and the flame undergoes transition to detonation. Depending on the initial

flame velocity, DDT can spontaneously occur within a couple of tube diameters [2].

The first transducer on the combustion tube is loaded at a distance of 2.81 inches

from the nichrome wire. During each test the flame transitions to a detonation within

this distance which is approximately 0.7 tube diameters. This is an extremely short

distance for DDT to occur, so the combined effects of the inherent instability of the

mixture, the high initial pressure, and the flame confinement must promote extremely

rapid flame acceleration.

The pressure changes moderately at the second and third transducers, but the

average combustion wave speed is significantly higher than at location 1, and in most

cases greater than the CJ velocity. This suggests that the detonation is overdriven in

this region. As the propagating deflagration front interacts with the reflected pressure

waves in the vessel, the gas near the front is continuously compressed and heated,

which results in a localized explosion directly in front of the flame. This explosion

creates a shock wave that has a velocity significantly higher than a CJ detonation; as

the detonation forms from the shock wave, it will initially be overdriven. Therefore,

we postulate that in these experiments there occurs one or more localized explosions

near the deflagration front that result in an overdriven detonation wave. This also

explains the extremely high pressures, as even a small overdrive factor results in a

dramatic increase in the detonation pressure. Detonations are also very unstable,

and this is further demonstrated by the significant variation in the pressures from

one transducer to the next and also between tests at the same initial pressure, as

with the two tests at 200 psia. Such large variation in the pressure is not unexpected,

and the transition from deflagration to detonation is a complex phenomenon with a

certain amount of variation observed in the location of transition.

Finally, the fourth pressure transducer measures the reflected detonation pressure

at the end of the tube. If the detonation reaching the end wall is in fact still over-

driven, then the reflected pressures measured by the transducer are consistent with
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what the theory predicts. From the experiments conducted thus far, it appears that

the high initial pressure, sensitivity of the flammable mixture, and the high level of

confinement in the tube result in nearly immediate DDT and a highly unstable, over-

driven detonation reflecting from the end wall. According to Lee [2], the overdriven

detonation decays in time to either a stable CJ detonation or an unstable detonation

with a velocity oscillating around the CJ velocity. A glimpse of this decay is seen in

the velocity plots in Figure 5.9(b) and it is possible that the detonation stabilizes at

the CJ detonation velocity if the tube is long enough.

5.3 Detonations in Nitrous Oxide Mixtures in Combustion Tube C1 (L/d

= 68)

A very large number of experiments are conducted in combustion tube C1 to

measure detonation properties of three mixtures of interest: ethylene-nitrous oxide,

ethylene-oxygen and acetylene-nitrous oxide. A summary of these tests is given in

Table 5.1. A minimum of four tests are performed at each initial pressure to assess

repeatability of measured properties. Tests 1 - 218 are not included in the present

discussion as they are tests from the developmental phase of the experiment involv-

ing less instrumentation, imprecise propellant fill processes, TOF method of run-up

distance measurement and air as the oxidizer (mixture did not ignite). The original

fill method does not involve evacuating the combustion tube prior to filling with the

propellants and results in the mixing of air or residual combustion products with

the filled propellants. This increases the uncertainty in the equivalence ratio of the

combustible mixture and hence is improved starting with Test 219. Some tests using

this earlier fill method also involve initial pressures greater than 70 psia and up to

150 psia, but they do not provide any useful information regarding the dependence of

flame acceleration on initial pressure and so are not useful in the present discussion.

On a typical test day, an average of 12 tests can be conducted which includes time in

between consecutive tests to purge the combustion tube of combustion products and
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to review the acquired data. Tests with the nichrome ignition method take longer to

set up as the feed through with the nichrome bridge has to be replaced after every

test. The measured detonation properties enable the comparison of nitrous oxide

and oxygen performance, spark and nichrome ignition methods, and ethylene and

acetylene performance.

Table 5.1. Summary of tests conducted in combustion tube C1.

Mixture Spark Ignition Nichrome Ignition

Ethylene-
Nitrous Oxide

p0 = 20 - 70 psia (1.38 - 4.83 bar)
Test no.: 219 - 243 (Detonation
properties), 359 - 370 (Pre-compression)

p0 = 20 - 70 psia (1.38 - 4.83 bar)
Test no.: 305 - 328

Ethylene-
Oxygen

p0 = 14.5 - 70 psia (1.00 - 4.83 bar)
Test no.: 244 - 253, 264 - 288

p0 = 20 - 70 psia (1.38 - 4.83 bar)
Test no.: 334 - 358

Acetylene-
Nitrous Oxide

p0 = 15 - 20 psia (1.03 - 1.38 bar)
Test no.: 292 - 299

Did not conduct

5.3.1 Nitrous Oxide Versus Oxygen (with C2H4)

One of the objectives of this work is to compare the performance of nitrous oxide

with a more typical oxidizer, and so oxygen is chosen for this purpose. Mixtures

of ethylene-N2O and ethylene-O2 are tested at initial pressures (p0) ranging from

20 - 70 psia in increments of 10 psia in combustion tube C1 using both ignition

methods. Additionally, ethylene-O2 is also tested at an initial pressure of 14.5 psia

with spark ignition. Ignition is achieved in all mixtures and transition to a detonation

is observed at all investigated initial pressures. CJ detonation calculations discussed

in Chapter 4 indicate that ethylene-O2 results in higher detonation velocities, whereas

ethylene-N2O produces higher detonation pressures. A comparison of the distribution

of peak pressures along the length of C1 between ethylene-N2O and ethylene-O2 is

shown in Figure 5.10 for p0 = 20 psia as an example. As a reminder, the marker at

each pressure transducer location in Figure 5.10 is an average of the peak pressures

measured at that location over at least four tests with the same initial pressure.

Figure 5.10 shows that the peak pressures are higher for ethylene-N2O, as predicted
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from CJ theory, at all locations except at locations 1 and 12. The comparable peak

pressures and overlapping error bars at location 12 for these two mixtures is possibly

just a coincidence. However, the lower peak pressure at location 1 for ethylene-N2O is

a consequence of slower flame acceleration in this mixture in comparison to ethylene-

O2. Due to this, at location 1, the combustion wave in ethylene-O2 has already

transitioned to a detonation, but the combustion wave in ethylene-N2O is still a fast

deflagration resulting in peak pressures lower than the CJ detonation pressure for

this mixture. For reference, the CJ detonation pressures for these mixtures at p0 =

20 psia are also shown in the same figure.
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C2H4-N2O peak pressures. Tests shown here use spark ignition (S)
and error bars indicate variation in measured peak pressure at that
location. No pressure transducer at locations 9 & 11.

Evidence of this behavior is also highlighted in a comparison of velocity distribu-

tion of the combustion wave along the tube for these two mixtures in Figure 5.11.

CJ detonation velocities are not shown in Figure 5.11 to reduce clutter, but the com-

bustion wave is considered to have transitioned to a detonation when the velocity

does not change appreciably. Using this criteria, Figure 5.11 shows that the deflagra-

tion accelerates slower to a detonation in C2H4-N2O over C2H4-O2 at p0 = 20 psia.

This explains the lower peak pressure in C2H4-N2O at location 1 in comparison to

that in C2H4-O2. The large error bars at location 1.5 for C2H4-O2 and location 2.5
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for C2H4-N2O are indicative of fluctuations in the estimated average velocities due

to the occurrence of deflagration-to-detonation transition (DDT) at these locations.

During DDT, the combustion wave is overdriven due to the explosion of compressed

unburned gases between the precursor shock and reaction zone [3] and this event is

not very repeatable, thereby causing a fluctuation in the estimated velocity around

the DDT location.
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Figure 5.11. Comparison of C2H4-N2O and C2H4-O2 average veloci-
ties at p0 = 20 psia. Also, includes comparison of p0 = 20 and 40 psia
C2H4-N2O average velocities. Estimated velocities are for the tests
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Figures 5.10 and 5.11 also compare the pressure and velocity distribution along

the combustion tube for C2H4-N2O at two different initial pressures, 20 and 40 psia.

As predicted by CJ theory, the combustion pressures at all locations for p0 = 40 psia

are either greater than or comparable to those for p0 = 20 psia. Peak pressures

are comparable between these two initial pressures at locations 3 and 4, due to the

overdriven nature of the combustion wave for p0 = 20 psia causing elevated detonation

pressures. The deflagration also accelerates faster to a detonation at the higher initial

pressure, as shown in Figure 5.11, indicating that the run-up distance to detonation

decreases with an increase in initial pressure.

In order to study the dependence of detonation pressure on initial pressure for

the mixtures investigated in this work, the recorded peak pressures along the tube
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from multiple tests are analyzed and a representative average detonation pressure

is computed. The method used to compute this average detonation pressure and

the associated standard deviation for each mixture and initial pressure is shown in

Figure 5.12 for C2H4-N2O at p0 = 20 psia as an example. In this method, the mean

of peak pressures from all locations in the post-DDT regime of the propagating flame

from multiple tests at an initial pressure, p0, is computed to be the average detonation

pressure, Pp0 . Mathematically, this is represented as

Pp0 =
1

mn

m∑
i=1

n∑
j=1

(pi,j ≥ PCJ) (5.2)

where, pi,j is the peak pressure from ith test and jth location. The standard devia-

tion, represented by error bars, is computed using the same criteria of peak pressure

selection.
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These average detonation pressures and standard deviations are plotted against

initial pressure (p0) in Figure 5.13 for C2H4-N2O and C2H4-O2 tests using spark ig-

nition (S). Consistent with the ranking predicted by the theoretical CJ calculations,

average detonation pressures are lower for ethylene-O2. On an average, they are lower

by 31% in comparison to the average detonation pressures of ethylene-N2O. The sec-

ond observation is that the measured detonation pressures for both mixtures at all

initial pressures are higher than the calculated CJ detonation pressures as shown in

Figure 5.13. This is due to the pre-compression of the unburned gas mixture prior to

DDT. This phenomenon is discussed further in Section 5.5. Finally, on comparing the

standard deviations of peak pressures for nitrous oxide and oxygen mixtures in Fig-

ure 5.13, nitrous oxide tests have larger standard deviations than those from oxygen

mixtures, suggesting larger pressure oscillations with nitrous oxide as the oxidizer. In

addition to being an oxidizer, nitrous oxide is a monopropellant, which exothermi-

cally decomposes at elevated temperatures. Thus, when ethylene-N2O detonates, it is

likely that the compression heating causes nitrous oxide to explode unassisted (with-

out reaction with ethylene), which manifests as large pressure oscillations rendering

the detonation unstable.

The average detonation velocities for these two mixtures are plotted against ini-

tial pressure (p0) in Figure 5.14. Similar to the criteria used for the selection of peak

pressures to compute a representative detonation pressure, a criteria of selecting mea-

sured velocities in the range of 0.8DCJ - 1.2DCJ is used to compute a representative

average detonation velocity. This criteria is based on observation from other studies,

both simulations and experiments, which indicate that the detonation shock front

oscillates from 0.8DCJ to 1.2DCJ [14, 92]. Mathematically, this averaging method

is shown in Equation 5.3. The detonations observed in this study also exhibit this

oscillating behavior, represented by the standard deviation bars in Figure 5.14.

Dp0 =
1

mn

m∑
i=1

n∑
j=1

(0.8DCJ ≥ vi,j ≥ 1.2DCJ) (5.3)



92

0

2

4

6

8

0 20 40 60 80

D
e

to
n

a
ti

o
n

 P
re

ss
u

re
 [

k
si

a
]

Initial Pressure, p0 [psia]

C₂H₄-N₂O (CJ)

C₂H₄-O₂ (CJ)

C₂H₄-N₂O (S)

C₂H₄-O₂ (S)
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The average detonation velocities for ethylene-O2, shown in Figure 5.14, are higher

than velocities for ethylene-N2O, in agreement with the theoretical CJ calculations.

The velocities with standard deviations for ethylene-O2 are also higher than the CJ

detonation velocities for all initial pressures considered and this is attributed to the

pre-compression of the unburned mixture. However, the case with p0 = 20 psia is

the only initial condition for ethylene-N2O for which the average detonation veloc-

ity with standard deviation is higher than its corresponding CJ value. For all other

initial pressures greater than 20 psia, the average detonation velocities are compa-

rable to their CJ detonation values, in spite of the pre-compression of unburned gas

mixture. A possible explanation for this is that the thermal decomposition of nitrous

oxide has a decreasing effect on the detonation velocity and this effect increases with

initial pressure up to p0 = 40 psia. Beyond this initial pressure, the mixture transi-

tions to a detonation early in the combustion tube and the decomposition of nitrous

oxide does not have a large effect on the detonation properties. However, further
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experiments along with a better understanding of the chemical kinetics of nitrous

oxide-hydrocarbon mixtures at elevated pressures are necessary to confirm this be-

havior. As with the measured pressures, the velocities for ethylene-O2 have smaller

standard deviations in comparison to the nitrous oxide mixtures, with the exception

of the p0 = 20 psia case. Once again, this suggests a more stable detonation with

oxygen as the oxidizer.

The relatively larger oscillations in the detonation pressures and velocities ob-

served with ethylene-N2O in comparison with ethylene-O2 can also be explained using

the detonation stability parameter χNg developed by Ng et al. [93]. They introduced

this stability parameter to characterize one-dimensional detonation stability and it is

mathematically defined as:
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χNg = εI
∆I

∆R

= εI∆I
σ̇max

uCJ

(5.4)

where ∆I and ∆R denote the characteristic induction length and reaction length,

respectively. εI is activation energy governing the sensitivity of the induction period,

σ̇max is the maximum thermicity from ZND calculations and uCJ is the the particle

velocity at the CJ plane in shock-fixed coordinates. Their numerical simulations of

detonations in several mixtures resulted in high-amplitude, non-uniform detonation

pressures and shock velocities in mixtures with high stability parameters. Based on

these simulations, they defined a neutral stability criteria of χNg =1-1.5, above which

detonations have increasing levels of instability leading to irregular detonation cell

structures. Additionally, Austin et al. [94] studied the reaction zone in weakly, mod-

erately and highly unstable detonations using schlieren and PLIF imaging techniques.

They observed a highly regular soot foil pattern and shock front structure for a 2H2-

O2-12Ar mixture with a χNg value of 0.91, which agrees with the conclusions of Ng et

al. [93]. On the contrary, the C2H4-3O2-8N2 mixture used by Austin et al. produced a

very irregular soot foil pattern and lead shock structure. Based on calculations, they

also predict that a mixture of C3H8-5O2 is highly unstable and this is in agreement

with the stability parameter analysis in [93] (χNg = 16.6).

In accordance with this discussion on detonation stability predictions, the deto-

nation stability parameter χNg is calculated for ethylene-N2O and ethylene-O2 using

the Shock and Detonation Toolbox [84] in Cantera [83]. The stability parameter

χNg increases from 20.7 to 22.1 for ethylene-N2O and increases from 8.7 to 14.0 for

ethylene-O2 in the initial pressure range of 20 to 70 psia used in the current work.

This suggests that both ethylene-N2O and ethylene-O2 are unstable detonations with

irregular detonation cell structures. However, the relative comparison of the stability

parameters for these two mixtures indicates that the detonations in ethylene-N2O are

more unstable resulting in “highly irregular” cell structures as classified in [93]. Addi-

tionally, the irregular cellular structure of the front of the accelerating deflagration in

ethylene-N2O at p0 =25 psia, shown in Figure 5.15, suggests that the subsequent det-
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onation will be highly unstable. The flame front in the schlieren images in Figure 5.15

are 6.25 inches (2:40 ms) and 10 inches (3:30 ms) from the ignition event.

Figure 5.15. Schlieren images of the irregular cellular flame front in an
ethylene-N2O mixture at p0 = 25 psia. The flame propagates in the
+x direction. Flame front in the right frame is 6.25 inches (2:40 ms)
from ignition and in left frame is 10 inches (3:30 ms) from ignition.

5.3.2 Ethylene Versus Acetylene (with N2O)

Another comparison conducted in this work is between acetylene and ethylene.

Acetylene is an exceptionally energetic fuel but presents serious practical storage

concerns. It cannot be injected at high pressures as it is unstable above 30 psia and

hence, has limited propulsion applications. A possible alternative is ethylene. The-

oretical calculations for ethylene-N2O and acetylene-N2O indicate similar detonation

properties as shown in Figures 4.1 and 4.2 of Chapter 4, which further supports the

investigation of ethylene as a possible alternative to acetylene as a fuel. These two

fuels are also compared using experimental measurements of the detonation prop-

erties of mixtures with nitrous oxide when ignited using spark ignition. The initial

mixture pressure is varied from 20 - 70 psia in increments of 10 psia for ethylene-

N2O. However, acetylene-N2O tests are limited to lower initial mixture pressures of

15, 18 and 20 psia, which corresponds to an operating pressure less than 30 psia on

the upstream side of the metering sonic venturi on the acetylene line. This prevents

explosion hazards associated with flowing acetylene above 30 psia.
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Ignition is achieved in all mixtures and transition to a detonation is observed

at all investigated initial pressures. These average detonation pressures are plotted

against initial pressure (p0) in Figure 5.16 with the standard deviations represented

by the error bars. Between the two mixtures, the measured detonation pressures

are lower for acetylene-N2O as shown in Figure 5.16. Specifically, the case with an

initial pressure of 20 psia provides a direct comparison between these two mixtures

where the average pressure is 14% lower for acetylene-N2O. However, the standard

deviation of peak pressures at p0 = 20 psia is larger for acetylene and hence, detonation

pressures for acetylene and ethylene with nitrous oxide are very comparable. As with

ethylene-N2O and ethylene-O2, the measured detonation pressures for acetylene-N2O

at all three initial pressures are higher than the calculated CJ detonation pressures as

shown in Figure 5.16 due to the pre-compression of the unburned gas mixture prior

to DDT.
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perimental measurements of detonation pressures using spark ignition
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Error bars indicate fluctuations in measured peak pressures.

The average detonation velocities for these two mixtures are plotted against initial

pressure (p0) in Figure 5.17. The detonations observed in acetylene-N2O also exhibit
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oscillations, represented by the standard deviation bars. The predicted CJ detona-

tion velocity curves for both ethylene-N2O and acetylene-N2O mixtures lie within the

standard deviation of the measured velocities and these measured velocities are faster

than CJ velocities for all initial pressures except at 40 and 50 psia for ethylene-N2O

and at 20 psia for acetylene-N2O. As discussed in Section 5.3.1, this is possibly due

to the thermal decomposition of nitrous oxide having a retarding effect on the deto-

nation velocity. As with the measured detonation pressures, the average detonation

velocities are also lower for acetylene-N2O when compared to those of ethylene-N2O.

However, when taking into account the standard deviations, the detonation velocities

of ethylene-N2O and acetylene-N2O mixtures appear comparable to each other.
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(S) for C2H4-N2O and C2H2-N2O as a function of initial pressure, p0.
Error bars indicate fluctuations in measured velocities.
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5.3.3 Spark Ignition Versus Heated Nichrome Ignition

This work also investigates the effect of different ignition methods on the measured

detonation properties of ethylene-oxidizer mixtures. A similar study was conducted

by Bollinger et al. [95] where they investigated the effect of ignition methods on deto-

nation run-up distances in hydrogen-oxygen mixtures. They used an exploding bridge

wire (EBW), a nichrome glow wire and a chemical squib for ignition and reported

shortest run-up distances with the chemical squib and longest with the nichrome glow

wire. The authors explained that the glow wire takes a fairly long time to heat to

a high temperature and the heating is also accompanied by convective heat trans-

fer. However, both exploding bridge wire and chemical squib generated a pressure

wave, with a stronger pressure wave produced by the chemical squib. In addition to

the pressure wave, these two ignition methods involve fast heating and project hot

particles into the gas mixture ahead of them. In comparison, the current work uses

a high-voltage spark and heated nichrome wire ignition methods to ignite the com-

bustible mixtures. The measured detonation pressures and velocities as a function

of initial pressure for these two ignition methods are shown in Figures 5.18(a) and

5.18(b). It is evident from these figures that the measured pressures and velocities are

very similar between the two ignition methods. The two largest differences between

the ignition methods are observed for the detonation pressures of ethylene-N2O at

p0 =20 and 70 psia. The average detonation pressures with nichrome ignition are

27% (p0 =20 psia) and 14% (p0 =70 psia) higher than those measured with spark

ignition. With respect to measured velocities, the largest difference is observed for

ethylene-O2 at p0 =20 psia where spark ignition produced a 3.4% higher average det-

onation velocity over nichrome ignition. However, Figures 5.18(a) and 5.18(b) show

that even for cases with discernible differences in measured properties, the error bars

overlap significantly, indicating that the measurements are in fact comparable.

This observation is explained using high-speed imaging of these two ignition pro-

cesses with ethylene-N2O in combustion tube C2 which has optical accessibility. With
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Figure 5.18. Effect of ignition method on the dependence of deto-
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100

spark ignition, the general process begins with high voltage (12 - 45 kV) applied to

the electrodes. During the voltage rise, there is no current flow between the electrodes

because the fuel-oxidizer mixture in the gap is an insulator. Once the applied volt-

age exceeds the dielectric strength of the gas mixture, the mixture becomes ionized.

This allows a high amperage current to flow across the gap, resulting in a hot spark

with temperatures on the order of a few thousand degrees K. The intense heat in the

spark channel causes the ionized gas to expand very quickly, like a small explosion,

producing an ignition kernel. Figure 5.19 shows the result of such an ignition process

in ethylene-N2O at p0 = 25 psia where an ignition kernel is fully formed 250 µs after

the spark is actuated. In order to estimate the amount of ignition energy supplied

by this method, the voltage supplied to the electrodes and the current flowing across

the electrode gap are measured with the spark plug mounted in a pressure chamber.

Nitrogen is used to pressurize the chamber to avoid combustion. From the current

and voltage measurements, the electric breakdown between the electrodes lasts for

about 20 µs and supplies an energy between 54 - 97 mJ for the pressure range p0 =

20-70 psia. Although the combustible mixture is different from pure nitrogen, these

values are a good estimate of the energy input from the spark ignition circuit.

Figure 5.19. A fully formed ignition kernel observed at the ignition
plane 250 µs after the spark ignition circuit is actuated in ethylene-
N2O at p0 = 25 psia.
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In comparison, the ignition event from the nichrome wire is relatively long in

duration and the wire is not sufficiently hot to be captured by the high-speed camera

until 9:35 ms after actuation. The nichrome heating intensifies for another 9 ms

before the wire breaks and ignites the mixture. This sequence of events is shown in

Figure 5.20. This process is similar to the nichrome heating description by Bollinger et

al. [95] where in the process of heating the wire there is also convective heating of the

mixture surrounding it. The convective heat transfer from the hot nichrome wire is

captured in a sequence of high-speed schlieren images in Figure 5.21. As the nichrome

heating intensifies, the wire glows red and immediately after glowing red hot breaks

apart as shown in Figure 5.21(c). At this instance, the wire is close to its melting

point of 1673 K and is well above the temperature at which nitrous oxide decomposes

(850 K). This could initiate the unimolecular decomposition of nitrous oxide before

igniting the ethylene-nitrous oxide mixture and aids in the initial combustion of the

mixture leading to flame acceleration similar to that observed with spark ignition.

Figure 5.20. High-speed image sequence of (a) nichrome wire heating,
(b) heated nichrome wire breaking and (c) combustible mixture igni-
tion by heated nichrome wire. Combustible mixture is ethylene-N2O
at p0 = 25 psia

However, in spite of this difference in the initial ignition process, the flame develops

at a similar rate with time once the mixture is ignited. This is evident from the

sequence of high-speed images, shown in Figures 5.22 and 5.23, of the accelerating

flame in ethylene-nitrous oxide at p0 = 25 psia ignited with a spark and heat nichrome
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Figure 5.21. High-speed schlieren image sequence of convective heat-
ing of surrounding mixture caused by the hot nichrome wire.

ignition methods. Therefore, due to similar flame acceleration observed with both

ignition methods, it is expected that the flame transitions to a detonation with similar

properties as measured and shown in Figures 5.18(a) and 5.18(b).

5.4 Run-up Distance Measurements & Correlations

Run-up distance is defined as the distance between the source of ignition and the

downstream location where the flame transitions to a detonation. As discussed in

Section 5.1, to measure run-up distances with better spatial resolution, the signal

from the PMT module aimed axially down the combustion tube is used. In this

method, the DDT time is defined as the time from ignition to the inflection point

in the PMT signal as shown in Figure 5.5. The DDT time is correlated with the

pressure signals as shown in Figure 5.6 to estimate the run-up distance (LDDT ). The

run-up distances estimated using this method are non-dimensionalized with respect

to the combustion tube diameter (d) and denoted as Xd. Figure 5.24 shows these

dimensionless run-up distances on a log-log scale against initial pressure. Irrespective

of the ignition method used, the run-up distances are shortest for ethylene-O2 and

longest for ethylene-N2O, which is expected since ethylene-O2 is a more energetic

mixture. The measured run-up distances for ethylene-O2 at p0 ≥ 50 psia are about 1
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Figure 5.22. High-speed image sequence shows the evolution of the
flame in an ethylene-N2O mixture at p0 = 25 psia ignited by spark
ignition. Top image shows the ignition kernel produced by the spark
ignition.

inch or shorter, indicating that the flame transitions to a detonation very close to the

ignition plane. In this region, the combustion wave is either spherical or transitioning

to a planar front, which increases the uncertainty of the measured run-up distances

for these initial pressure cases. A similar observation was reported by Kuznetsov
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Figure 5.23. High-speed image sequence shows the evolution of the
flame in an ethylene-N2O mixture at p0 = 25 psia ignited by heated
nichrome wire. Top image shows the ignition of the mixture right
after the nichrome wire breaks apart.

et al. [17] in their measurement of run-up distances for H2-O2, resulting in greater

variability in the run-up distances measured for initial pressures between 1 and 8 bar

(14.5 and 116.0 psi).
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As shown in Figure 5.24, the dimensionless run-up distance, Xd, decreases with

increasing initial pressure. To describe this pressure dependence, Nettleton suggests

an inverse power law of the form [3]:

Xd = kp−m
0 (5.5)

where, k is a constant determined empirically from experimental measurements.

Firstly, the run-up distances of fuel-oxidizer mixtures used in the current work

are compared with those from other mixtures from literature. As shown in Fig-

ure 5.25, Nettleton [3] observed the power law correlation in Equation 5.5 with the

run-up distance versus initial pressure measurements conducted by Bollinger et al.

( [15] and [9]), where methane-O2 produced the highest exponent of 1.25 and carbon

monoxide-O2 produced the lowest at 0.46. In comparison, the current work shows

that ethylene-O2 and ethylene-N2O have high run-up distance dependence on initial

pressure, with power law exponents of 1.52 and 1.05, respectively, for spark ignition

and 1.47 and 1.42, respectively, for nichrome ignition. However, Xd for acetylene-N2O

has a weak dependence on p0, and similar to that of carbon monoxide-O2. In com-

parison, Kuznetsov et al. [17] report a run-up distance dependence on initial pressure

of Xd = 0.7p−1.17
0 for H2-O2. Based on this analysis, it is evident that the run-up dis-

tance for the mixtures investigated in the current work has a very high dependence on

initial pressure of the mixture. The physical and chemical processes that determine

these pressure dependencies are the subject of ongoing investigation.

Another comparison of run-up distances is based on the two ignition methods

used in this work. On comparing Figures 5.24(a) and 5.24(b), it is evident that

the dimensionless run-up distances for a given mixture are very similar between the

two ignition methods with a minor difference in its dependence on initial pressure

for ethylene-N2O. As discussed in Section 5.3.3, although a relatively long time is

required to heat the nichrome wire before it ignites the mixture, the high-speed images

show that the flame accelerates at a comparable rate irrespective of the ignition

method. Due to this, the run-up distances are similar between the two ignition
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Figure 5.24. Dimensionless detonation run-up distance (Xd) versus
initial pressure (p0). (a) Spark ignition (S); (b) Nichrome ignition
(N).
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Figure 5.25. Dimensionless detonation run-up distance (Xd) versus
initial pressure (p0) measurements by Bollinger and co-workers: ∗ [15]
and † [9].

methods. With respect to the dependence of run-up distance on initial pressure, it is

comparable with both ignition methods for ethylene-O2, but slightly different in the

case of ethylene-N2O. Run-up distances for ethylene-N2O with nichrome wire ignition

have a higher dependence on initial pressure than with spark ignition. This could

possibly be attributed to increased decomposition of nitrous oxide due to convective

heat transfer from the heating nichrome wire at higher initial pressures.

These measured run-up distances can be tested for agreement with existing flame

acceleration models. As discussed in Chapter 2, one such simplified model was devel-

oped by Dorofeev [23] in which the run-up distance is estimated using Equation 2.1

and is based on theoretical flame properties and combustion tube dimensions. In

his model, run-up distance is defined as the flame propagation distance where the

flame speed reaches the sound speed in the combustion products. The correlation

between the non-dimensional run-up distances predicted using this model and the

experimental measurements is shown in Figure 5.26.
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Figure 5.26. Correlation between model and experimental run-up
distances based on the model developed by Dorofeev and adopted
from [23]. The data set highlighted with a red box is used to verify
the model.

The run-up distance data set highlighted with a red box in Figure 5.26 is from

the work of Kuznetsov et al. [17] where run-up distances were measured for H2-O2

at p0 = 0.2 - 8 bar. It should be noted that Figure 5.26 does not include all run-up

distances from [17] and only includes a select data point from each initial pressure.

In order to extend this analysis as part of the current work, the complete data set

from [17] is used by us to independently verify this model and values for the theoretical

flame properties required for the model are given in [17]. Therefore, the correlation

between Dorofeevs’s model and the complete set of run-up distances from [17] is

shown in Figure 5.27. It is observed in this figure that the measurements do not

agree well for all data points, especially at initial pressures greater than 1 bar. On

reviewing the theoretical flame properties for H2-O2 in the range of p0 = 0.2 - 8 bar

and from Equation 2.1, Dorofeev’s model has a strong dependence on the laminar

flame speed (SL) of the mixture. For H2-O2 the laminar flame speed increases from

7.1 m/s for p0 = 0.2 bar to 10.2 m/s for p0 = 0.8 bar, but asymptotes for higher

initial pressures. Additionally, other flame properties used in the model do not vary
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in this range of initial pressures, which leads to the disagreement of model predictions

with run-up distance measurements in mixtures with weak or no dependence of the

laminar flame speed on initial pressure. A similar disagreement is observed between

Dorofeev’s model and measurements from the current work with ethylene-oxidizer

mixtures as shown in Figure 5.28. Acetylene-N2O measurements are not included

in this analysis as the range of initial pressures for this mixture is very small and

does not provide any additional insight on the performance of the model for varying

pressures. As shown in Figure 4.7(a), the laminar flame speed remains approximately

constant for ethylene-N2O and increases by only 0.9 m/s for ethylene-O2 in the range

of initial pressures investigated. In addition to this, the other flame properties also

remain approximately constant with initial pressure. Therefore, Dorofeev’s model

cannot predict the strong dependence of the run-up distance on pressure observed in

this work. Therefore, any model that would apply across large pressure ranges would

need to capture the effect of pressure on the flame acceleration and/or detonation

properties, and Dorofeev’s model does not.
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Figure 5.27. Correlation between Dorofeev’s model [23] and experi-
mental run-up distances measured by [17].
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Another model which aims to correlate detonation run-up distance with flame

properties was developed by Bollinger et al. [15] and is discussed in detail Chapter 4.

They derived an empirical function called the K function, defined in Equation 4.3, to

correlate with measured run-up distances. Values ofK are calculated for the mixtures

and initial pressures from the current work and are plotted against the measured non-

dimensional run-up distances in Figure 5.29 along with the measurements by Bollinger

et al. [15, 96]. As discussed by the authors of [15], the methane-O2 system does

not exhibit a unique relationship with the K function unlike the non-hydrocarbon

systems. However, the ethylene-O2 results from this work somewhat agree with the

correlation formed by the H2-O2 and CO-O2 systems. The results from ethylene-

N2O do not follow this relationship but coincide with the correlation for methane-O2

mixture with methane mole percent less than 50%.

Finally, the run-up distances measured in the current work are correlated with the

ZND exothermic pulse widths calculated using the Shock and Detonation Toolbox
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[84] and are shown in Figure 5.30. In addition to measurements from the current

work, two other run-up distance data sets from literature are used for comparison:

measurements by Kuznetsov et al. [17] for H2-O2 and by Li et al. [18] for propane-O2.

These two data sets are chosen for comparison as they use a method and criteria

to quantify run-up distance similar to that used in the current work. As shown in

Figure 5.30, there is a good correlation between the non-dimensional run-up distance

and the ZND exothermic pulse width for these mixtures. This suggests that there

may exist a universal correlation between the non-dimensional run-up distance of a

mixture and its calculated ZND exothermic pulse width which can be used to estimate

run-distances for mixtures and initial conditions without actually measuring it.

5.5 Deflagrations & Pre-compression in Nitrous Oxide Mixtures

As discussed in the Section 5.3.1 and shown in Figure 5.13, the measured deto-

nation pressures are higher than the CJ values for all initial pressures and mixtures
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tested. This discrepancy is due to the phenomenon of pre-compression or “pressure

piling” of the unburned gas mixture ahead of the combustion wave. Pre-compression

or pressure piling arises during the deflagration stage when the flame acts like a piston

and compresses the combustible mixture ahead of it. Therefore, DDT occurs in a mix-

ture with higher initial pressure, resulting in a measured detonation pressure much

greater than the theoretical CJ value without pre-compression [3]. Coincidentally, as

the initial pressure of combustible mixture increases, there is a noticeable decrease in

the average over-pressure factor, indicating a lower degree of pre-compression of the

combustible mixture due to faster DDT (shorter run-up distance). At lower initial

pressures flame transition to detonation is slower leading to larger pre-compression.
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5.5.1 Pre-compression Factors and Direct Measurement

According to CJ theory, there is a linear correlation between CJ detonation pres-

sure and initial pressure as shown in Figure 4.2(a). Therefore, by measuring the

detonation overpressure in these tests, the new initial pressure (that is, the pre-

compression pressure) of the detonation is estimated by using the same linear rela-

tionship. Based on this, a pre-compression factor denoted by δ is defined as the ratio

of the average detonation pressure (Pp0) to CJ detonation pressure or

δ =
Pp0

PCJ

=
1

mn

∑m
i=1

∑n
j=1(pi,j ≥ PCJ)

PCJ

(5.6)

where, pi,j is the peak pressure from ith test and jth pressure transducer location.

Table 5.2 lists the pre-compression factors estimated using Eq. 5.6 for all mixtures

and initial pressures investigated in this study. The pre-compression factors follow

the same relative order as the measured pressures, with ethylene-N2O resulting in the

highest factors and ethylene-O2 the lowest. This relative order is also illustrated in

Table 5.2 with a one-to-one comparison of pre-compression factors for all mixtures

at p0 =20 psia. A consequence of the higher pre-compression with ethylene versus

acetylene is the higher average detonation pressures for ethylene-N2O over acetylene-

N2O as shown in Figure 5.16. Additionally, the reported pre-compression of the

unburned gas mixture results in increased CJ values, which are compatible with the

measured detonation velocities and pressures.

In addition to determining pre-compression factors for these mixtures based on dy-

namic pressure measurements, two piezoresistive pressure transducers from Kulite®

are used as described in Section 5.1.5 to directly measure the pressure of compression

waves produced by the accelerating flame. These measurements are conducted for

ethylene-N2O at p0 =20 and 30 psia only since the flame accelerates over a longer

section of the combustion tube and the pressure from the compression waves can be

measured for a longer time duration. An example of the pressure signals produced by

these compression waves as a function of time is shown in Figure 5.7. The increasing
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Table 5.2. Pre-compression factors at different initial pressures for
mixtures in this study.

Initial
Pressure,
p0 [psia]

C2H4-N2O
(Spark)

C2H4-O2

(Spark)
C2H2-N2O
(Spark)

C2H4-N2O
(Nichrome)

C2H4-O2

(Nichrome)

15 - 3.19 2.94 - -
18 - - 2.73 - -
20 3.03 2.39 2.59 3.85 2.51
30 2.59 2.10 - 2.87 2.09
40 2.41 2.02 - 2.70 2.02
50 2.34 1.84 - 2.36 1.88
60 2.23 1.66 - 2.31 1.79
70 1.93 1.51 - 2.19 1.72

pressure in Figure 5.7 is indicative of the progressively stronger compression waves

produced by the deflagration due to its acceleration. As time progresses and the

deflagration accelerates to higher velocities, it coalesces with the compression waves

and eventually transitions to a detonation. As described in Section 5.1.5, the times

at which discrete compression waves reach the two Kulite® sensors could be used to

estimate the distance-time path of the accelerating flame based on 1D unsteady gas

dynamics. The following sub-section describes the theory and resulting flame path

estimates.

5.5.2 1D Unsteady Gas Dynamics Model of Flame Acceleration

The flow field encountered in the propagation of explosive waves and detonations

is typically unsteady flow. So, one-dimensional unsteady gas dynamics can be used

to describe the flow physics observed in the current work. The flow associated with

detonations is typically 2D or highly 3D, so using this 1D approximation is a simpli-

fied model but can be easily applied analytically and used to help interpret the data.

The gas dynamics model is a concise version of the mathematical analysis described

in Gas Dynamics by Zucrow and Hoffman [97] and can be referred to for more details.

For simplicity, the 1D model assumes homentropic flow (constant entropy) of a com-
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pressible fluid, in the absence of work and body forces. An unsteady homentropic flow

is a flow for which the entropy remains constant throughout the flow field for all time.

Based on the assumptions, the governing equations for unsteady 1D homentropic flow

are:

Continuity equation:
dρ

dt
+∇.(ρV) = 0 (5.7)

Momentum equation: ρ
DV

dt
+∇p = 0 (5.8)

Energy equation: ρ
D

Dt

(
h+

V 2

2

)
− dp

dt
= 0 (5.9)

Entropy equation:
Ds

Dt
= 0 (5.10)

Since the flow is assumed homentropic, the speed of sound definition may be

employed in place of the energy equation:

Dp

Dt
− a2

Dρ

Dt
= 0 (5.11)

The continuity and speed of sound equations are combined and expressed in one

spatial dimension in Equation 5.12 and the momentum equation in cartesian form is

shown in Equation 5.13.

ρa2
∂u

∂x
+

∂p

∂t
+ u

∂p

∂x
= 0 (5.12)

ρ
∂u

∂t
+ ρu

∂u

∂x
+

∂p

∂x
= 0 (5.13)

For a homentropic flow, the density ρ is a unique function of the pressure p

throughout the flow and thus

ρ = ρ(p). (5.14)
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The characteristic and compatibility equations corresponding to Equations 5.12

and 5.13 are determined by multiplying these equations by the unknown parameters

σ1 and σ2, respectively, and summing:

σ1(5.12) + σ2(5.13) = 0. (5.15)

The characteristic curves are the paths in space and time along which information is

propagated through a flow field and the compatibility equation is the ordinary differ-

ential equation derived by combining the partial differential conservation equations.

For this, u(x, t) and p(x, t) are assumed to be continuous functions so that

du

dx
=

∂u

∂x
+ λ

∂u

∂t
and

dp

dx
=

∂p

∂x
+ λ

∂p

∂t
. (5.16)

where λ = dt/dx or the slope of the characteristics. Expanding and rearranging

Equation 5.15 and combining with Equation 5.16 yields the compatibility equation

for 1D unsteady homentropic flow

(ρuσ1 + ρa2σ2)du+ (σ1 + uσ2)dp = 0 (5.17)

and the the characteristic equations for this flow are

λ =
σ1

uσ1 + a2σ2

=
σ2

σ1 + uσ2

. (5.18)

Finally, eliminating the unknown parameters σ1 and σ2 from Equations 5.17 and 5.18

and solving for the slope of the characteristics λ yields

λ± =

(
dt

dx

)
±
=

1

u± a
. (5.19)

From every point on the space-time or x− t plane of an unsteady flow, there exist

two characteristics C+ and C− corresponding to the + and − signs, respectively, in

Equation 5.19. Hence, Equation 5.19 states that the propagation speed along C±
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characteristics is equal to the speed of sound relative to the moving fluid. In that

regard, the C± characteristics in unsteady flow are analogous to the Mach lines in

a steady supersonic flow. Assuming the gas experiences an isentropic process, the

compatibility equation can be further simplified by combining with the ideal gas

equation and a2 = γRT = γp/ρ to yield

a∗± ± γ − 1

2
u∗
± = constant (5.20)

where a∗ = a/a0, u
∗ = u/a0 and a0 is the speed of sound in some initial undisturbed

portion of the flow. Then, the flow properties T , p and ρ corresponding to the value

of a∗ are determined using the isentropic relations:

p∗± = (T ∗
±)

γ/(γ−1) = (a∗±)
2γ/(γ−1) (5.21)

ρ∗± = (a∗±)
2/(γ−1) (5.22)

where p∗ = p/p0, T
∗ = T/T0 and ρ∗ = ρ/ρ0.

This 1D unsteady homentropic flow model can be used as a simplified model for

the accelerating deflagration prior to DDT. Such an accelerating deflagration from

the current work is schematically illustrated in Figure 5.31, where the deflagration is

represented by a piston accelerating from left to right. The flame accelerates from rest

at time t = 0 into a stationary gas (u = 0). The initial motion of the flame produces

a small pressure disturbance that propagates to the right into the undisturbed fluid

with the speed of sound a. Hence, the velocity of the front of the wave is (dx/dt)+ = a,

because a right-running wave is a C+ characteristic.

The wave created by the initial piston motion imparts a pressure increment dp > 0

and a velocity increment du > 0 to the initially undisturbed gas, and is, therefore,

a compression wave. For an isentropic process, if dp > 0 then da > 0. As the

piston continues to accelerate, successive compression waves are generated at the

face of the piston and move into the disturbed gas. The latter has a velocity, u,
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Figure 5.31. Schematic representation of the deflagration as an accel-
erating piston producing compression waves.
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and speed of sound, a, larger than the corresponding values for the undisturbed gas.

Consequently, the speeds of propagation, (dx/dt)+ = u+ a, of the consecutive waves

increase, and each wave travels faster than the preceding wave. The slopes of the C+

characteristics, given by (dt/dx)+ = 1/(u+a), become more and more horizontal and

the waves converge, as illustrated in Figure 5.32.
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A typical piston or flame path, is indicated in Figure 5.32. Typically in such

problems the flame or piston path is known which is used to estimate the 1D flow field

in the unburned gas mixture. However, in the current work, pressure measurement

as a function of time in two adjacent locations is known, as shown in Figure 5.7. So,

this information is used to estimate the flame or piston path in the combustion tube.

If we consider the ignition plane at x = 0, the two pressure transducers are installed

at xk1 = 4.378 inches (11.12 cm) and xk2 = 10.378 (26.36 cm) from the ignition

plane. From Figure 5.7, the times of arrival of a compression wave of pressure pi at

these two locations are extracted and their (x, t) coordinates are plotted on the space-

time plane. A line connecting these two points forms one of the C+ characteristics

on Figure 5.32 as flow properties do not change along a characteristic curve. The

slope of this C+ characteristic yields the speed of sound relative to the moving fluid.

Using this information, the velocity of the flame UfLi
and coordinates (xpi , tpi) are

determined following the algorithm in Figure 5.33. This process is iterated with a dp

pressure increment until the combustion wave arrives at the first pressure transducer

location. Once the flame velocity profile is estimated, the flame path is determined

starting from x = 0 and t = tign. In spite of the assumptions made in this model, it

provides a good estimate for the flame path and closely coincides with the time and

location of the first PCB transducer measurement as shown in Figure 5.32 for Test

362 and this is true for all five tests in this series.

The estimated flame paths and corresponding velocities from this analysis for all

five tests in this series are shown in Figures 5.34(a) and 5.35(a), respectively. The

estimated velocity profile as a function of time has an exponential trend for all tests

and an example of this trend for Test 361 is shown in Figure 5.35(a). The pre-

exponential factors and exponents on all these exponential trends are different from

each other and depend on the initial flame development. This trend is in accordance

with the theory proposed by Liberman et al. [21] and represented by Equation 4.2.

The initial pressures chosen for these tests are only slightly different from each other

and so the estimated flame velocities are similar for the five cases.
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Figure 5.33. Flowchart explaining the method to estimate the flame
path of an accelerating deflagration using pressure measurements.
Method is based on 1D unsteady homentropic flow analysis.

These 1D estimates are qualitatively compared to the flame path measured from

high-speed imagining of the accelerating flame in combustion tube C2. Three tests are

conducted to directly image the flame, two with spark ignition and one with heated

nichrome wire, in a mixture of ethylene-N2O at p0 = 25 psia. Although this initial

pressure is in the range of initial pressures investigated in combustion tube C1, the

flame acceleration observed in the two tubes are slightly different from each other. In

combustion tube C1, the unburned gas mixture is confined by an unbreakable metal

end wall, whereas a diaphragm is used to maintain the initial pressure in combustion

tube C2 which ruptures as soon as the compression waves from the accelerating
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Figure 5.34. Flame path on space-time plane. (a) Estimates based
on 1D unsteady flow analysis for the five tests conducted in this se-
ries.; (b) Measurements from high-speed imaging. Inset: comparison
between direct tracking of flame and 1D estimate
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Figure 5.35. Flame velocity as a function of time. (a) Estimates
based on 1D unsteady flow analysis. The trendline associated with the
velocity profile of Test 361 is shown for reference.; (b) Measurements
from high-speed imaging.
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flame coalesce and reflect from it. Due to rupturing of the diaphragm, some of the

unburned gas mixture feeding the propagating flame is exhausted from the tube,

thereby reducing flame acceleration and preventing DDT. This is a consequence of

the shorter length of combustion tube C2 in comparison to tube C1 which is longer

by a factor of 2.5. The rupturing of the diaphragm at the end of tube C2 is shown

in a sequence of high-speed schlieren images in Figure 5.36 for a mixture of ethylene-

N2O at p0 = 25 psia. The left frame in the figure shows the coalescing of incident

compression waves on the diaphragm, the middle frame shows a compression wave

reflected from the diaphragm and the right frame shows the diaphragm rupturing

leading to the exhaust of unburned gases. In spite of this difference between the two

combustion tubes, the flame path estimated from the 1D analysis can be qualitatively

compared with that measured from high-speed images. These high-speed images

are captured at a rate of 20 kHz and the observed flame propagation is shown in

Figures 5.22 and 5.23 with spark and heated nichrome ignition, respectively.

Figure 5.36. Rupturing of diaphragm on combustion tube C2, before
the flame arrives at the exit, due to reflection of compression waves
produced by the accelerating flame. Middle and right frames are
captured 100 and 150 µs after the left frame. Left: coalescing of
incident waves on diaphragm; Middle: reflected wave moving along
−x; Right: rupture of diaphragm due to reflected pressure.

The experimentally measured flame path and velocity profiles for all three tests at

p0 =25 psia in combustion tube C2 are shown in Figures 5.34(b) and 5.35(b), respec-
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tively. On comparing Figures 5.34(a) and 5.34(b), the flame path estimated by the

1D model based on pressure measurements of the compression waves is different from

that measured from high-speed imaging. As discussed in the previous paragraph, this

is attributed to the different lengths of the two combustion tubes and confinements

of the unburned gas mixture. The inset in Figure 5.34(b) shows a direct comparison

between an example flame path estimated by the 1D model and an example of that

measured from high-speed imaging. The comparison shows that both flame paths are

non-linear with time, but have different degrees of non-linearity. This difference is

also reflected in the velocity profiles from 1D analysis in comparison to those mea-

sured using high-speed imaging. The 1D estimates yield an exponential dependence

of flame velocity on time, but the high-speed images show an approximately linear

dependence of the velocity on time. In addition to the differences in the two combus-

tion tubes used for these tests, another, more important difference between these two

flame paths is that the flame tracked by high-speed imaging is 2D or 3D whereas the

estimated flame path is based on 1D analysis. The 1D unsteady model is a simplified

approximation of an accelerating flame which is far from being one-dimensional and

can only provide a close estimate of the flame path.

Finally, the high-speed schlieren imaging system is used to capture compression

waves produced by the accelerating flame in combustion tube C2. A sequence of

schlieren images in Figure 5.37 shows one such compression wave propagating in the

+x direction. The velocity of this compression wave is determined by knowing the

imaging frame rate and the displacement of the wave. Based on this information,

the compression wave is moving at a velocity of 315.6 m/s in the +x direction. For

reference, the speed of sound in a mixture of ethylene-N2O at the initial room tem-

perature is 279.0 m/s. This implies that the compression wave is propagating in an

pre-compressed or pre-heated gas mixture at 397 K which has a higher sound speed.

Using this information in the isentropic pressure ratio relation, Equation 5.21, yields

a pressure ratio of 3.19 across the compression wave. In comparison, pre-compression

factors estimated for ethylene-N2O with spark ignition in Table 5.2 are 3.03 and 2.59
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for initial pressures of 20 and 30 psia, respectively. The pressure ratio of the com-

pression wave captured by imaging is slightly higher, but similar to the estimates in

Table 5.2 which suggests that the method used to estimate these pre-compression

factors is a reasonable assessment of the pre-compression caused by the accelerating

flame.

Figure 5.37. Schlieren image sequence of a compression wave produced
by the accelerating flame in an ethylene-N2O mixture at p0 = 25 psia.
The field of view is located between 20.75 and 22.75 inches from the
ignition plane. The compression wave propagates in the +x direction.
Middle and left frames are captured 50 and 100 µs after the right
frame.
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6. SUMMARY

In this work, the detonation, DDT and deflagration characteristics of ethylene-nitrous

oxide are investigated experimentally and theoretically in comparison with other tra-

ditional bipropellant mixtures at initial pressures above 1 atm. For this purpose, two

combustion tubes are designed and fabricated in-house. One of the combustion tubes

(C1) has circular cross-section and is developed to study detonation properties and

is completely fabricated out of steel. The other combustion tube (C2) has a rect-

angular cross-section and is developed to provide optically access to the accelerating

flame with full-length polycarbonate sheets on two sides and a rupture diaphragm

for pressure relief from the combustion wave. Three fuel-oxidizer mixtures, ethylene-

N2O, ethylene-O2 and acetylene-N2O, are studied experimentally when ignited with

spark ignition or heated nichrome wire ignition. The experiments characterize the

performance of ethylene-N2O and compare it with that of ethylene-O2, which is a

more traditional mixture. Additionally, detonation properties of ethylene-N2O are

compared with those of acetylene-N2O to present ethylene as an alternative fuel to

the more energetic but unstable acetylene. The use of two ignition methods provides

an insight into the effect of different ignition methods on the measured detonation

properties. The three mixtures always produce detonation pressures in excess of CJ

values. The measured velocities are comparable to CJ velocity calculations for the

two nitrous oxide mixtures, but are higher for ethylene-O2.

The detonation characteristics of ethylene-N2O are first compared with those of

ethylene-O2 to assess the relative performance of these two oxidizers. The nitrous ox-

ide mixture produces higher detonation pressures and lower detonation velocities in

comparison to the oxygen mixture, which is consistent with Chapman-Jouget detona-

tion calculations. However, the standard deviations of the measured pressures and ve-

locities suggest that, in general, nitrous oxide mixtures produce higher oscillations in
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detonation properties as the detonation propagates along the combustion tube. This

is likely due to the monopropellant nature of nitrous oxide, which exothermically de-

composes at elevated temperatures. With increasing initial pressure, we believe that

this thermal decomposition of nitrous oxide also has a decreasing effect on the mea-

sured detonation velocities, resulting in velocities comparable to calculated CJ values

in spite of the pre-compression of unburned mixture. The relatively large detonation

pressure and velocity oscillations observed in ethylene-N2O mixtures is also explained

using the detonation stability parameter χNg developed by Ng et al. [93]. Although

both ethylene-oxidizer mixtures have stability parameters well above the neutral sta-

bility criteria, the parameter for ethylene-N2O (χNg = 21.4) is about twice as high

as that for ethylene-O2 (χNg = 11.3) and indicates highly unstable detonations in

nitrous oxide mixtures. This explains the large pressure oscillations observed with

ethylene-N2O.

The detonation measurements from this work also show that ethylene-N2O pro-

duces higher average detonation pressures and velocities in comparison to acetylene-

N2O, which is contrary to CJ calculations. This discrepancy can be explained by the

higher pre-compression level observed in ethylene-N2O mixtures prior to DDT, result-

ing in higher starting pressures in the combustible mixture ahead of the combustion

wave. Therefore, the resulting detonation pressures are higher for this mixture. The

lower pre-compression level in acetylene-N2O is due to shorter run-up distances, al-

lowing less time for pre-compression of the unburned gas mixture. Hence, the choice

of fuel between ethylene and acetylene depends on the application requirement of

whether faster DDT or higher detonation pressure is desired. However, when ac-

counting for the range of the pressure oscillations, the detonation properties of these

two mixtures are comparable and the run-up distance dependence on initial pressure

for acetylene-N2O is weaker than that exhibited by ethylene-N2O. This suggests that

for ethylene-N2O, some mechanism that is promoting DDT is becoming stronger at

higher initial pressures, resulting in faster DDT. All these factors support ethylene as

a viable fuel alternative to acetylene.
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The measured detonation properties resulting from these two ignition methods are

very similar. The two largest differences are observed between the detonation pres-

sures of ethylene-N2O at p0 = 20 and 70 psia where the average detonation pressures

with nichrome ignition are 27% and 14%, respectively, higher than that measured

with spark ignition. However, the significant overlap of standard deviations for these

cases indicate that the measurements are comparable. High-speed imagining of the

two ignition processes show that the high-voltage spark produces an ignition kernel

immediately after the ignition circuit is actuated which develops into an accelerating

flame soon after. The spark is caused by the electric breakdown of the discharge gap

between the electrodes and this produces high temperatures and free radicals which

accelerate the process of mixture ignition. In comparison, the ignition event from the

nichrome wire is much slower, as a relatively long time is required before the wire

is hot enough to break apart and ignite the mixture. At this instance, the wire is

close to its melting point of 1673 K and is well above the temperature at which ni-

trous oxide decomposes (850 K). This could initiate the unimolecular decomposition

of nitrous oxide before igniting the ethylene-nitrous oxide mixture and aids in the

initial combustion of the mixture leading to flame acceleration similar to that seen

with spark ignition.

In addition to detonation pressure and velocity, the run-up distance at which

deflagration-to-detonation transition occurs is also quantified by the measuring the

light emitted by the combustion wave using a PMT module installed axially on the

combustion tube. Ethylene-O2 mixtures exhibit shorter run-up distances compared to

ethylene-N2O with both ignition methods and therefore higher pre-compression of the

unburned mixture is achieved with ethylene-N2O. As suggested by Nettleton [3], the

run-up distances non-dimensionalized with tube diameter for the three mixtures follow

an inverse power law dependence with initial pressure, similar to other measurements

by Bollinger et al. [9, 15]. However, these run-up distance measurements do not

correlate with the model developed by Dorofeev [23] as the analytical expression for

the run-up distance relationship has a strong dependence on laminar flame speed of
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the mixture. The laminar flame speeds of the mixtures investigated in the current

work remain approximately constant with initial pressure and so the measured run-up

distances disagree with Dorofeev’s model. Therefore, Dorofeev’s model cannot predict

the strong dependence of the run-up distance on pressure observed in this work.

Therefore, any model that would apply across large pressure ranges would need to

capture the effect of pressure on the flame acceleration and/or detonation properties,

and Dorofeev’s model does not. The run-up distances exhibit some correlation with

the empirical K function developed by Bollinger et al. [15]. The results from the

ethylene-O2 system follow the trendline associated with the H2-O2 and CO-O2 and

those from the ethylene-N2O system agree with the trend of stoichiometric and lean

CH4-O2 data points. Additionally, the run-up distance measurements correlate well

with the calculated ZND exothermic pulse width for all three mixtures from the

current work and for two other data sets from literature which use a method of run-

up distance quantification similar to that used in the current work. This suggests that

there may exist a universal correlation between the non-dimensional run-up distance

of a mixture and its calculated ZND exothermic pulse width which can be used to

estimate run-distances for mixtures and initial conditions without actually measuring

it.

The pre-compression of the unburned gas mixture caused by the accelerating flame

prior to DDT is estimated as the ratio of average detonation pressure to CJ detonation

pressure. The pre-compression factors are highest for ethylene-N2O and lowest for

ethylene-O2. The pre-compression is also measured directly using two piezoresistive

pressure transducers for two initial pressures. These pre-compression measurements

are used in a 1D unsteady homentropic gas dynamics model to estimate the path

followed by the accelerating deflagration. In spite of the assumptions made in this

model, it provides a good estimate for the flame path and closely coincides with

the time and location of the first PCB transducer measurement for all tests in this

series. A direct comparison between the flame path estimated by the 1D model in

combustion tube C1 and that measured from high-speed imaging in combustion tube
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C2 shows that both flame paths are non-linear with time, but have different degrees of

non-linearity. This difference is also reflected in the velocity profiles from 1D analysis

in comparison to those measured using high-speed imaging. The 1D estimates yield

an exponential dependence of flame velocity on time, but the high-speed images show

an approximately linear dependence of the velocity on time. An important reason for

this difference between these two flame paths is that the flame tracked by high-speed

imaging is 2D or 3D whereas the estimated flame path is based on 1D analysis. The

1D unsteady model is a simplified approximation of an accelerating flame which is far

from being one-dimensional and can only provide a close estimate of the flame path.

The high-speed schlieren imaging system is also used to capture the compression

waves produced by the accelerating flame in tube C2. One of the compression waves

propagates at a velocity of 315.6 m/s, which is significantly higher than the speed

of sound in the initial mixture. This indicates that the wave is propagating into an

unburned mixture that is already pre-heated or pre-compressed from earlier, weaker

compression waves. Using the propagation velocity of this compression wave along

with isentropic relations yields a pressure ratio of 3.19 across the compression wave. In

comparison, pre-compression factors estimated for ethylene-N2O with spark ignition

are 3.03 and 2.59 for initial pressures of 20 and 30 psia, respectively. The pressure

ratio of the compression wave captured by imaging is slightly higher, but similar to

the pre-compression estimates which suggests that the method used to estimate these

pre-compression factors is a reasonable assessment of the pre-compression caused by

the accelerating flame.
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7. RECOMMENDATIONS

This work included the study of detonations and DDT in a combustion tube of L/d

= 68 (C1). From the tests conducted in C1, it is evident that the flame transitions

to a detonation within the first half of the tube for most initial conditions investi-

gated. The additional length of the tube ensures that the compression waves reflected

from the closed end of the tube do not interact with the accelerating deflagration. In

comparison, combustion tube C2 is less than half the length of C1 and high-speed

schlieren images of the deflagration captures the interaction of the flame and reflected

waves. Since C2 is not equipped to measure steep-fronted pressure waves, modify-

ing the design of C1 ensures the study of detonations resulting from such a flame

reflected wave interaction. This investigation could benefit the gas handling industry

as compression waves produced by accidental flames in pipelines could reflect from

bends or closed sections and interact with the flame in delivery lines. Altering C1

such that it is constructed as multiple sections with flanges permits measurements in

varied lengths of closed tube. Additionally, these sections can be made short enough

to allow honing of the inner surface to have better control on the surface finish as

roughness of the combustion tube is proven to influence the phenomenon of DDT.

The comparison between the two ignition methods used in this work result in

similar detonation properties, but exhibit some differences in the initial flame devel-

opment. The convective heating associated with the heated nichrome wire ignition

method could initiate nitrous oxide decomposition as opposed to the direct reaction

between fuel and nitrous oxide. This difference in reaction paths for the two ignition

methods is another area which requires further investigation.

Two existing analytical models used to correlate measured run-up distances with

flame properties are used to understand the complex dependence of DDT on theoreti-

cal parameters. There is a weak agreement of the results from the current work to one
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of the models, but fails with the other. However, the measured run-up distances from

this work and two other data sets formed a general trend with the ZND exothermic

pulse width of the mixtures. Future work includes the development of a general cor-

relation between run-up distance and parameter which is a combination of calculated

flame and ZND properties and/or reaction rates of dominant elementary reactions.

Additional flame or DDT visualization tests at different initial pressures in C2 could

benefit this investigation as well. The combustion tube C2 can be extended in length

to ensure the flame transitions to a detonation. This can be achieved by attaching

a flange to the open end of C2 which in interfaces with a extension section. Similar

investigations done by Kuznetsov et al. [17] use a rectangular channel of 50 × 50 mm

cross section and 3.4 m long and capture the DDT event.

A few recommendations are made to improve on the preliminary study conducted

to investigate the dependence of pressure transducer installation configuration on

pressure measurement. In this study, all four PCB pressure transducers are installed

in the same plane similar to earlier tests conducted on this setup. Due to this, it is

possible that one port could have an influence on the pressure measured by a pressure

transducer in an adjacent or opposite port. This argument is based on some unpub-

lished preliminary simulations performed by another researcher which requires further

investigation. Another possible factor that could influence the measurements in a re-

cess cavity is the use of different combustible mixtures. If the amplification measured

by a pressure transducer mounted in a recess cavity port shown in Appendix B is

caused by constant volume combustion in the cavity or due to the reactive reflective

wave, then the combustion regime and properties in the cavity are different depending

on the combustible mixture used for the study. This could be due to difference in cell

widths or combustion limits in correlation to the 5-mm diameter of the recess. Based

on the preliminary measurements to investigate this effect, these additional effects

are highlighted for further investigation to fully explain the phenomenon causing this

effect. In combination with these analyses, the development of a transfer function to



133

correlate pressure measurement in a recess cavity port to that in a flush port form a

separate study on its own.
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tion delay times and detonation cell size prediction of hydrogen-nitrous oxide-
diluent mixtures. Combustion Science and Technology, 180(10-11):1858–1875,
2008.
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A. PRESSURE AND VELOCITY PLOTS

A.1 Spark Ignition, Ethylene-Nitrous Oxide
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B. A STUDY ON THE DEPENDENCE OF PRESSURE

TRANSDUCER INSTALLATION CONFIGURATION ON

DETONATION PRESSURE MEASUREMENT

As mentioned in Chapter 5, a consequence of installing high-frequency pressure

transducers in a recess port to measure steep-fronted pressure waves is the atten-

uation/amplification and phase distortion of the measured pressure signal. So, its

characterization in the presence of a steep-fronted high pressure wave encountered

in detonation studies is important, but has not been conducted carefully. In order

to characterize the effect of pressure transducer installation on the measurement of

steep fronted waves, a preliminary study is conducted and a modular experimental

setup is designed and installed at Maurice J. Zucrow Labs.

The steep-fronted detonation wave is generated using an existing hydrogen-oxygen

pre-detonator which is used to initiate combustion in a linear Rotating Detonation

Wave Combustor (RDWC) experiment [98]. The pre-detonator is fed by indepen-

dently controlled supplies of hydrogen and oxygen with separate sonic venturis on

each propellant line to set required mass flow rates. This test setup is designed with

a hexagonal stainless steel block which accommodates four PCB 109C11 pressure

transducers, two flush and two recess mounted, in the same plane. A 60-inch long,

0.5-inch outer diameter stainless steel tube is connected between the pre-detonator

and the hexagonal block to ensure sufficient length over which the hydrogen-oxygen

combustion wave transitions to a fully developed planar detonation. On the down-

stream of the pressure transducer plane, there is a vent valve to exhaust combustion

products, a low-frequency pressure transducer and thermocouple to monitor initial

conditions of the combustible mixture and a fixed venturi VACCON Min J Series

vacuum ejector to evacuate the combustion chamber prior to propellant fill. The
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effective inner diameter of this combustion tube is 0.402 inches and this dimension is

much larger than the cell width of hydrogen-oxygen mixtures at 14.7 psia or above.

A schematic of this experimental setup is shown in Figure B.1 and a cross-sectional

view of the pressure transducer plane with details of both the installation configu-

rations is shown in Figure B.2. This setup is an improvement over its predecessor

used for a similar study using PCB 113B26 and Kulite WCT-312M-35BARA pressure

transducers and provides more control over the initial conditions of the combustible

mixture in the tube. The flush configuration ensures that the sensing element of the

pressure transducer is flush with the inner surface of the combustion chamber, while

the recessed configuration is a replication of the configuration used in the pressure

transducer ports on combustion tube C1 (Figure 5.3).

Figure B.1. Schematic of the pressure transducer installation calibra-
tion setup for PCB 109C11 transducers.

In the pressure transducer calibration test setup, steep-fronted pressure waves are

measured for five initial pressures in the range of 14.6 - 69.0 psia. This produces a

wide range of detonation pressures which aids in developing a correlation between

pressures measured by flush and recess mounted pressure transducers. An example

of the pressure-time history measured by the four PCB pressure transducers is shown

in Figure B.3 for a stoichiometric hydrogen-oxygen mixture at 14.6 psia. Figure

B.3 shows two main differences between the flush and recessed pressure signals -

a time-lag of 6.6 µs and an amplification of the recessed pressure amplitudes over
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Figure B.2. Cross-sectional view of section A-A from Figure B.1 show-
ing the pressure transducer plane having two flush and two recess cav-
ity installations of PCB 109C11 transducers with recess cavity details.

the flush pressure amplitudes by 248%. The average time-lag between the flush and

recessed pressure signals reduces from 6.6 µs to 4.4 µs with an increase in initial

pressure from 14.6 psia to 69.0 psia due to an increase in detonation velocity with

increasing initial pressure. The pressure signals are used to produce two correlations:

measured flush peak pressures versus calculated CJ detonation pressures using Shock

and Detonation Toolbox (SDT) and measured flush peak pressures versus measured

recess peak pressures. The first correlation is shown in Figure B.4 and is important

to understand that the measured detonation pressures are higher than the predicted

CJ detonation pressures post-DDT due to the phenomenon of pre-compression of

unburned gases by the accelerating flame prior to DDT. It is also important to note

from Figure B.4 that the measured steep fronted pressures vary more as the initial

pressure is increased. The second correlation is shown in Figure B.5 is a preliminary

step in the process to correct peak pressures measured in a recess cavity based on

flush mounted pressure transducers.
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Figure B.3. Pressure signals from a stoichiometric hydrogen-oxygen
mixture at p0 = 14.6 psia.
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Figure B.4. Correlation between flush mounted pressure and calcu-
lated CJ detonation pressure for stoichiometric hydrogen-oxygen.

This preliminary series of tests is not sufficient to explain the phenomenon caus-

ing the difference in measured pressures between flush and recess mounted pressure

transducers shown in Figure B.5. Due to this, a correction based on this work is

not yet applied to the pressure measurements in the nitrous oxide detonation work

presented in this document. The measurements from thee preliminary tests conclude
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two properties of the recess cavity design used for PCB pressure transducers in this

work. Firstly, the steep-fronted pressure wave is amplified by the recess cavity of

the pressure transducer port, which is contrary to the typical attenuation expected

from a recess cavity port. Secondly, the flush mounted transducers measure pressures

higher than CJ pressures (1.3 - 2.7 times CJ pressures) and this is evidence of pre-

compression in the unburned gas mixture caused by the accelerating flame thereby

producing detonations with elevated properties than predicted by CJ theory. Based

on these preliminary tests, a few recommendations are discussed in Chapter 7 which

could help fully explain the effect of pressure transducer installation configuration on

pressure measurement.
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C. TEST PROCEDURES

This appendix contains the test operating procedures for the operation of the Closed

Tube Detonation Test Stand, also dubbed the “Sandia Fracking Test Setup”, in the

courtyard of the High Pressure Laboratory at Zucrow Labs. Some aspects of the high-

frequency data acquisition system have changed over the years and any student using

this setup to run detonation experiments must coordinate with the current staff and

students to familiarize themselves with the latest procedures to record high-frequency

data.
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D. ENGINEERING DRAWINGS

This appendix contains engineering drawings of all parts used to construct both com-

bustion tubes C1 and C2. The are referred to in Chapter 3 while discussing the

construction of the tubes.
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