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Abstract

It has been proposed that metals could be used as an energy carrier and alternative

fuel source to hydrocarbons and fossil fuels due to their abundance and comparable

energy densities, making them applicable to large scale industrial power generation

cycles (e.g. boilers and large heat engines). The knowledge of the dependence of

flame speed on the initial temperature of the unburned mixture is important for the

understanding of the role of radiation heat transfer and stabilization mechanisms of

flames in metal particle suspensions. A newly constructed flat-flame counter-flow

metal dust burner allows for measurement of burning velocities in aluminum-air sus-

pensions preheated to temperatures up to 524 K using Particle Image Velocimetry

(PIV). The experimental method was verified by measuring burning velocities in pre-

heated methane-air mixtures at different fuel-oxygen equivalence ratios, compared

with known experimental data and theoretical predictions. Whereas flame speeds in

methane-air mixtures increase by 2.75 times with increase in temperature to about

524 K, flames speeds in aluminum-air mixtures increase by less than 2 times over

the same temperature interval. Nearly constant adiabatic flame temperatures for

preheated aluminum-air flames suggest practically constant reaction rates for both

kinetic and diffusive regimes of particle combustion. Continuous theory can explain

the observed flame speed sensitivity to preheat through an increase in heat diffusivity

and a lowering of the heat required for reaction onset at lower ignition temperatures.

However, discrete theory may also be suitable for physically explaining the preheat

effect due to partially discrete heat sources in aluminum-air flames, resulting in a

stronger dependence on heat diffusivity than in continuous theory. Theoretical agree-

ment with experimental results could suggest that either continuous or discrete theory

are applicable, although it is evident that further studies of ignition phenomena in

dust flames, as well as further studies using the discrete model, are needed to fully

resolve the problem of metal dust flame stabilization.
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Abrégé

Les métaux peuvent être utilisés comme vecteurs énergétiques et sources de com-

bustibles de substitution aux hydrocarbures et aux combustibles fossiles en raison de

leur abondance et de leur densité énergétique comparable, ce qui les rend applicables

aux cycles de production industrielle d’électricité à grande échelle. La connaissance

de la dépendance de la vitesse de la flamme par rapport à la température initiale

du mélange est importante pour la compréhension du rôle du transfert de chaleur

par radiation et des mécanismes de stabilisation des flammes. Un nouveau brûleur

de poudre métallique à contre-courant permet de mesurer la vitesse de flamme dans

des suspensions d’aluminium à des températures allant jusqu’à 524 K, en utilisant

la vélocimétrie par image de particules. La méthode expérimentale a été vérifiée

en mesurant les vitesses de flamme dans des mélanges de méthane-air, par rap-

port aux données expérimentales connues et aux prévisions théoriques. Alors que

les vitesses de flamme dans les mélanges méthane-air augmentent de 2,75 fois avec

l’augmentation de la température à environ 524 K, les vitesses de flamme dans les

mélanges aluminium-air augmentent de moins de 2 fois pour le même intervalle de

température. Des températures de flamme adiabatique presque constantes pour les

flammes préchauffées suggèrent des taux de réaction pratiquement constants peu im-

porte le régime de combustion des particules. La théorie continue prévoit que la

sensibilité de la vitesse de la flamme provient d’une augmentation de la diffusivité de

chaleur et d’une diminution de la chaleur requise pour le début de la réaction. Cepen-

dant, la théorie discrète peut aussi expliquer physiquement l’effet de préchauffage dû

à des sources de chaleur partiellement discrètes dans les flammes d’aluminium-air,

ce qui entrâıne une plus grande dépendance de la diffusivité de la chaleur. L’accord

théorique avec les résultats expérimentaux pourrait suggérer que la théorie continue

ou discrète est applicable, bien qu’il soit évident que d’autres études sont nécessaires

pour résoudre entièrement le problème de la stabilisation des flammes métalliques.
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Chapter 1

Introduction

1.1 Overview

The need for more sustainable and zero-carbon emission energy production means

finding an alternative fuel that could replace current fossil and hydrocarbon fuels. It

has been proposed that metals could be used as an energy carrier and alternative fuel

source due to their comparable energy densities to hydrocarbon fuels, making them

applicable to large scale industrial power generation cycles (e.g. boilers and large

heat engines) [1]. Traditionally, scientific studies on metal combustion have been

limited in the context of accidental industrial explosions [2], and metalized solid rocket

propellants [3]. Current scientific efforts at McGill, however, are primarily focused on

characterizing the combustion of metal fuels in water, for clean hydrogen production,

and in air under laminar flame conditions for further use in energetic devices burning

metal fuels as recyclable energy carriers[4]. The realization of metal fuels applied

to industrial and commercial applications would thus require reconciliation of the

burning characteristics of metal-air flames for varying metal types [5–7], oxidizer

compositions [5, 7], equivalence ratios [8], metal particle sizes [9, 10], flame geometries

[5, 6, 8], and initial reactant temperatures.
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The focus of this thesis is to investigate the burning characteristics of metal-air

flames under the influence of varying initial temperature. Experiments investigating

these effects on metal flames are largely missing from the literature. There is an

intrinsic value associated with initial temperature when it comes to power generation

and system efficiency, particularly the effects on burning velocity and how those effects

translate to heat and energy production. Understanding how metal flames behave

under varying initial temperature conditions is a critical aspect towards enabling a

future metal-fuel economy. The concept of preheating reactants in a combustion

process through heat recuperation and/or regeneration has long been viewed as a

highly practical means of saving fuel and reducing emissions [11]. By utilizing heat

recuperation or regeneration processes, increasing the temperature of compressed air

entering the combustion chamber can offset a certain amount of required fuel, which

improves overall thermal efficiency. For reference, the US Department of Energy

estimates fuel savings of 13-51% for natural gas combustion processes, depending on

the amount of preheating [12].

Of more fundamental importance to dust flames and the effect of initial temper-

ature, however, is the role of radiation heat transfer on flame propagation. Large-

scale industrial burners burning solid fuels may experience enhanced burning rates

of dust flames due to radiation preheating. The goal of this work is thus to measure

flame speeds in aluminum-air suspensions under varying degrees of preheat (emulating

large-scale radiation absorption effects on a smaller, laboratory scale) and compare

the experimental findings to previously developed qualitative dust flame models. The

next sections will provide more background on radiation absorption in heterogeneous

combustible mixtures, known preheat effects in gaseous flames, and a brief overview

of modes of particle combustion (continuous regime of flame propagation), and the

discrete regime of flame propagation, which are the basis of the qualitative models

used for the theoretical comparison to the experimental results of this work.
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1.2 Radiation Effects in Heterogeneous Flames

In a suspension of solid particles, the individual particles can emit and absorb ra-

diation in a continuous fashion, making it possible for reactants to absorb thermal

radiation. Whereas gaseous mixtures are mostly transparent to incident radiation,

the radiation heat transfer in particulate suspensions may have a discernible effect

on flame propagation through either radiative heat absorption or heat loss. Radi-

ation transfer in particulate suspensions depends on the concentration of particles

in suspension, the radiative and emissive properties of the particles, as well as the

size of particles, and is generally described by the suspension's optical thickness, σ,

which is detailed later in this section. The first to propose radiation heat transfer

for heterogeneous combustion was Nusselt in 1924 [13]. Since then, the investigation

of radiation heat transfer in particulate suspensions has been primarily focused on

coal combustion [14–18]. Researchers claimed that comparable flame speeds between

gaseous and coal flames could be justified, at least theoretically, by radiative heating

of reactants in the flame preheat zone [15], suggesting that heat conduction is no

longer the primary mechanism responsible for flame propagation [18]. Based on these

theoretical assessments, models of particulate combustion involving radiation were

developed and the results were compared to experimental data for small scale flame

propagation in tubes [16].

Cassel, in one of the earliest studies of metal combustion, also assumed that radi-

ation absorption in aluminum flames was a primary mechanism of flame propagation.

[19]. Cassel made the assumption that aluminum flames dispersed in O2/He and

O2/Ar mixtures would have burn rates controlled by oxygen diffusion to the particle

surface (diffusive-regime). This would imply that the flame speeds, S, would scale

with the mass diffusivity, D, of each mixture, SHe/SAr ≈ DHe/DAr. However, experi-

mental results showed that SHe/SAr < DHe/DAr, implying that aluminum dispersed in

O2/Ar must have a greater contribution of radiation heat transfer than mixtures of
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O2/He to account for the lower ratio of flame speeds. This was eventually disproved

by Goroshin et al. [20], who also measured flame speeds of aluminum dispersed in

O2/He and O2/Ar mixtures. Goroshin [20] observed a similar discrepancy between

ratios of flame speeds and oxygen diffusivity, but by using spectroscopy techniques

to identify the presence of micro-diffusion flames, was able to determine that alu-

minum flames dispersed in O2/He burn in a regime where burn rates are controlled

by reaction kinetics, ω̇, rather than diffusion of oxidizer. Thus the ratio of flame

speeds becomes ω̇He/ω̇Ar < SHe/SAr < DHe/DAr. Essentially, the measured flame speed

ratio is lower than predicted from oxidizer diffusivity because O2/Ar mixtures have

faster kinetic rates than O2/He, thus the ratio of flame speeds is not dependent on

varying degrees of radiative heat transfer, but rather on differing modes of particle

combustion.

What was often missing in these early theoretical predictions of dust flames was

consideration of the geometrical configuration of the flame itself. Earlier models

often assumed one-dimensional, adiabatic scenarios that occasionally incorporated

arbitrary and ambiguous correction factors or constants [15, 16]. It was also assumed

that the physical systems were optically thick, generally meaning that the photon

mean free-path, l, was much smaller than the particle size or distance between parti-

cles. This would result in more frequent photon collisions with fuel particles, and thus

greater probability of radiation absorption. Furthermore, coal particles were consid-

ered to be perfectly absorbing, thus the assumption of negligible heat conduction was

considered sensible in these earlier works, assuming optically thick suspensions [18].

For the case of stabilized metal flames, it has already been shown that the main mech-

anism for flame propagation is not radiation, but rather molecular heat conduction

[5, 6, 8]. Rather, radiation might influence the flame by preheating reactants, but

that stabilized flames in metal suspensions can propagate entirely without radiation

absorption.
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A simple dimensional analysis of characteristic lengths for both radiation absorp-

tion and molecular heat conductivity can help elucidate the importance of radia-

tion preheating as a mechanism for flame propagation. Comparing the characteris-

tic lengths of both mechanisms will determine whether or not radiation effects are

appreciable on the same scale as molecular heat conduction, and therefore distin-

guish between micro and macro scale thermal effects on reactants. The characteristic

length of molecular heat conductivity can be determined from representative values

of thermal diffusivity, α, and burning velocity, SL. For a heterogeneous mixture, α is

typically expressed as [19]

α =
λ

cpρ + csB
(1.1)

where λ is the gas thermal conductivity, cp,g is the gas specific heat, ρg is the gas den-

sity, cs is the particle specific heat, and B is the particle concentration in suspension.

Typical values of thermal diffusivity range from 0.1-1.0 cm2/s, and measured burn-

ing velocities for aluminum flames are on the order of 30-50 cm/s [5, 6]. Estimating

the length of the molecular heat conduction zone as α/SL, the characteristic length

falls on the order of 0.01 cm. This value can be directly compared to the estimated

radiation absorption length in aluminum suspensions.

The radiation absorption length can be approximated in two ways, both yielding

similar results. The first method uses temperature history measurements from large

scale aluminum dust clouds performed by Julien et al. [8]. In dust clouds of approxi-

mately 2 m in width and 4 m in height, temperatures were measured of the reactant

suspension up until the flame front arrival. Two distinct temperature changes were

observed: 1) a very large and sudden temperature increase at the flame arrival, and

2) a more gradual increase in temperature that began approximately 150 ms prior to

the flame arrival. The former is a result of molecular heat conduction at the flame

front, and the latter indicates preheating due to thermal radiation absorption. The
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burning velocities measured by [8] were approximately 5 m/s, which corresponds to

a radiation absorption length of about 75 cm.

The second method for estimating radiation absorption length involves the ab-

sorptivity of thermal radiation (wavelengths from 0.1 µm - 100 µm) of particles in

suspension, and the photon mean free path, l, and the suspension’s optical thickness,

σ. The optical thickness, is defined as

σ = ∫

x∗

0
Γdx (1.2)

where Γ is the extinction coefficient, or the fractional loss of intensity per unit length

of the medium, and x∗ is a characteristic length of the system. For a suspension of

spherical particles, Γ = nπr2p, with n being the number density of particles in suspen-

sion, and rp being the particle radius. A geometrical approximation for the extinction

coefficient is used since the size of particles is generally larger than the wavelength

of thermal radiation [21]. In an optically thin suspension (σ << 1), the photon mean

free path is generally much larger than the characteristic dimensions of the medium,

thus radiation absorption by the system is negligible. In the optically thick limit

(σ >> 1), the photon mean free path is much smaller than the characteristic dimen-

sions of the medium, and thus radiation absorption can contribute to preheating of

the reactants. Analogous to the extinction coefficient is the photon mean free path,

l = 1/Γ. Assuming a suspension of 10 µm particles with a concentration of 400 g/m3

and a characteristic burner length of 5 cm (a conservative value), the photon mean

free path is approximately 4.5 cm, resulting in an optical thickness of 1.1. Aluminum

particles have an absorptivity less than 0.1 in the thermal radiation wavelength region

[22], thus making the absorption length effectively greater than 45 cm and σ effec-

tively less than 0.1. These predictions are in close agreement with the experimentally

predicted radiation absorption lengths [8].

6



The three orders of magnitude difference between molecular heat conduction ef-

fects and radiative heat transfer signifies that, on a macro-scale, radiation can be a

mechanism for flame propagation in particulate suspensions, but that on a micro-

scale radiation contributes primarily to heat losses. It should also be noted that,

even without considering the low absorptivity of aluminum particles, the suspension

cannot definitively be considered optically thick, thus dismissing the primary role of

radiation in dust flame propagation. The limiting factor then in characterizing radi-

ation effects in heterogeneous combustion is not the ability to theoretically describe

the physics, but rather the ability to obtain repeatable and measurable experimental

results. There is no question that radiation heat loss is more prominent in small

scale experiments, and that radiation absorption is more probable in large scale se-

tups, but the reported values in literature and correlations made between those data

and theoretical predictions only suggested the effects of radiation. It was eventu-

ally shown by Goroshin et al. [5, 20, 23] that the comparable flame speeds between

gaseous flames and heterogeneous flames was due to particle ignition, or a transition

from kinetically-limited combustion to diffusion-limited, and not necessarily radiation

preheating. Thus, to develop a physically sound understanding of how radiation pre-

heating might affect dust flame propagation, small-scale experiments should be per-

formed where the initial reactant temperature can be independently controlled from

radiation effects. Producing sound experimental data for initial reactant temperature

dependencies on metal burning velocities can greatly assist in scaling radiation effects

for larger-scale combustion applications.

Even after it was first suggested that radiation preheat effects were negligible in

small-scale laboratory setups [5], there still remains an apparent absence in literature

investigating solely the initial temperature effects on metal flames. The noteable

exception comes from unpublished data from Goroshin et al. [24], however these

experiments were performed using a total flame-surface-area method using a Bunsen
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flame, which is considered unreliable due to large temperature gradients across the

flow. Julien [8] compared the results from [24] with freely-propagating aluminum

dust clouds, and the radiative preheating effects in large scale dust clouds produced

a similar increase in flame speed as seen for aluminum Bunsen flames. What is

still missing, however, is reliable flame speed measurements under preheat effects and

reconciliation between experimental results and basic theoretical/physical predictions

for preheat of metal flames. This work aims to address this problem by utilizing

small-scale controlled experiments where the effects of preheat on metal-air laminar

flame speeds can then be used to reconcile radiation effects on much larger-scale

and practical scenarios. Any radiation heat transfer in these small scale experiments

would be attributed to heat losses and have no discernible effect on the laminar flame

speed.

1.3 Effects of Initial Temperature: Gaseous Flames

The study of initial reactant temperature effects for gaseous flames has been studied

since the mid-twentieth century, primarily for evaluating turbojet operational lim-

its [25], and it was observed that flame speeds in gaseous mixtures increased with

increasing initial temperature. The theoretical dependence of burning velocity on

initial temperature was first compared to experimental results of preheat effects on

methane, propane, and ethylene-air mixtures by Dugger [26], where good agreement

was found between experimental laminar burning velocities and theoretical predic-

tions from the thermal theory model developed by Frank-Kamanetskii [27] (< 20%

difference). For reference, the experimental results for methane, propane, and ethy-

lene flames from Dugger [26] are shown in Fig. 1.1, where a noticeable increase in

flame speed is observed for increasing initial temperature. Now it is reasonable to

assume that experimental results from seven decades ago are no longer as accurate
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Fig. 1.1: Experimental flame speeds of methane, propane, and ethylene mixtures at
varying initial temperatures [26].

compared to modern flame speed measurements, but the empirical relation estab-

lished by Dugger [26] largely remains the state-of-the-art today, where the burning

velocity is related to the initial temperature by a power law. Metghalchi and Keck [28]

later proposed a direct correlation between burning velocity and initial temperature

that could be expressed as

SL

SL,o

= (
Tu
Tu,o

)

γ

(1.3)

Note that a similar pressure dependence can also be included in equation 1.3, but

is omitted here since pressure effects are not considered in this work. It is important to

emphasize that equation 1.3 is entirely empirically based. Most of the work found in

literature focuses on better defining the scaling parameter, γ, which is now typically

defined as a function of the mixture’s equivalence ratio [29–38]. What is common

amongst all these works, however, is that varying degrees of flame stretch are not

considered when reconciling empirical power laws for preheat [29]. Recent experi-
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ments studying combustion in shock tubes studied even higher preheat temperature

ranges (> 750 K) and found that in this elevated temperature range, experimental

flame speeds deviate from the preheat law predictions, and that kinetic model pre-

dictions also diverge at higher temperatures [39]. While Ferris et al. [39] do not

quantify the preheat law exponent for higher initial temperatures, it was found that

the available kinetic model predictions had an average percent difference of 10.4% at

temperatures above 500 K, compared to about 6.5% at temperatures ranging from

300 K to 500 K. To the authors knowledge, only one paper attempts to derive the

preheat exponent from theory, albeit the power law form of the preheat law (Eq. 1.3)

is assumed initially, thus the parametrization of γ is still dependent on an empirical

correlation [40].

Despite the extensive work that has been performed for preheat effects on gaseous

flames, there is still uncertainty regarding how γ should be defined [29], and there is

a clear absence of any theoretical derivation of any preheat law from governing prin-

ciples. Combustion textbooks may outline the temperature scalings from commonly

applied flame theory models, but noticeably do not attempt to reduce the Arrhenius

reaction term [41, 42]. Other textbooks may occasionally write-off physical explana-

tions to an arbitrary term called the “preheat effect” [43]. In all, it is evident that

the study of preheat effects on hydrocarbon flames by far surpasses work done in the

field of heterogeneous combustion, but that there still exists a relatively high degree

of uncertainty in the relevant work for gaseous flames, posing interesting questions

beyond the scope of this thesis.
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1.4 Qualitative dust flame models

1.4.1 Regimes of particle combustion

In combustible dust suspensions, the combustion of individual particles is fundamen-

tally limited by two distinct processes: the diffusion of oxidizer to the particle sur-

face (diffusive-regime), and the chemical reaction rate with the fuel particle (kinetic-

regime) [44]. The critical transition of a particle burning in the kinetic-regime to the

diffusive-regime is termed “ignition,” and occurs when heat diffusion away from the

particle can no longer overcome the increase in heat release from reaction kinetics, re-

sulting in a sharp increase in temperature. The phenomena of flame front formation

is analogous to particle ignition, but occurs independently of the mode of particle

combustion, meaning that continuous flame fronts can be stabilized with particles

burning either kinetically or diffusively. Figure 1.2 depicts the thermal structure of a

particle burning in either the kinetic or diffusion limit.

Fig. 1.2: Depiction of kinetic and diffusion limits of particle combustion, showing
profiles of both temperature and oxidizer concentration [45].

Aluminum-air flames burning in both kinetic and diffusive regimes were suggested

by Goroshin et al. [20] by varying the diffusivity of the oxidizing gas mixture. For-

mally, the regime of particle combustion is defined by the Damköhler number (ratio

of reaction time scale to diffusive time scale) and can be controlled by either decreas-

11



ing the particle size, or equivalently, changing the mixture diffusivity (e.g. changing

inert gas from Ar to He)[20]. In this work, air is used as the oxidizing gas, and

previous work has shown that aluminum-air flames using the same size powder as in

this work burns in the diffusive-regime [10]. However, in the context of preheating

of dust suspensions, the dependence of flame speed on initial temperature may vary

based on the mode of particle combustion. Since preheat effects have never been

studied in either regime of combustion, the experimental burning velocities from this

work are compared to theoretical predictions employing both kinetic and diffusive

modes of combustion. The kinetic-regime is based on the assumption of kinetically

reacting/evaporating aluminum droplets [27] and the diffusive-regime is based on the

“box” reaction model [23].

Since the diffusive-regime model is primitive in its formulation, the derivation of

the flame speed expression is provided in the subsequent section. The discrete regime

of dust combustion [46] is also discussed in the context of preheat, providing a com-

prehensive discussion of preheat effects in aluminum-air flames. These considerations

are further developed in Chapter 4.

Continuous theory derivation: diffusive-regime

The continuum dust flame model which assumes particles burn in a regime limited by

oxidizer diffusion [23] is fundamentally based on the work of Mallard and LeChatelier

[47], which assumes a heat flux balance at the ignition point of the mixture, typically

defined by the ignition temperature, Tig. The flame structure is depicted in Fig. 1.3,

where the flame is broken into three regions: 1) preheat zone, 2) flame zone, and

3) post-combustion zone, where x is the flame propagation direction. Figure 1.3

depicts the flame temperature profile (red curve), and considers a negligible separation

between the gas and solid phase temperatures, which has been observed in the case

of rich dust flames [10]. The deficient reactant, Y , is shown as the blue curve and

12



xx = 0

Tu

Tig

Tad

W

SL

x = SLtc

(1) (2) (3)
Y

Fig. 1.3: Flame structure of dust flame in continuous regime with constant heat
release rate.

depicts the consumption of oxygen in the flame. The flame zone is characterized by

a constant rate of heat release, W , and the thickness of the flame zone is a function

of the combustion time, tc, of the particles and the characteristic flame speed of the

mixture. The start of the flame zone is controlled by the ignition temperature, Tig,

of the mixture.

The governing heat diffusion equation of the flame depicted in Fig. 1.3 is written

as

(ρgcp,g +Bcs)SL
dT

dx
= λ

d2T

dx2
+W (1.4)

where W =
BQ
tc

and Q is the heat of reaction. Equation 1.4 has the following boundary

conditions:

x = 0, T = Tig; x→ −∞, T = Tu,
dT

dx
= 0; x = SLtc,

dT

dx
= 0

where

x < 0, W = 0; 0 < x < SLtc, W =
BQ

tc
; x > SLtc, W = 0
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Introducing the non-dimensional terms

θ =
T − Tu
Tig − Tu

; ξ =
x

SLtc
; κ =

SL
√
α/tc

; µ =
1

1 + Bcs
ρgcp,g

BQ

(Ti − Tu)ρgcp,g
=

Tad
Tig − Tu

Equation 1.4 can be rewritten as

dθ

dξ
=

1

κ2
d2θ

dξ2
+ µ (1.5)

with the following boundary conditions

ξ = 0, θ = 1; ξ → −∞, θ = 0,
dθ

dξ
= 0; ξ = 1,

dθ

dξ
= 0

where

ξ < 0, µ = 0; 0 < ξ < 1, µ > 0; ξ > 1, µ = 0

By solving Eq. 1.5 for each of the three zones of the flame, and matching the

solutions at each boundary, the final flame speed expression is given as [46]

κ2

µ
= 1 − e−κ

2

(1.6)

To obtain an explicit equation for flame speed, Lambert Function, Wo is used as

shown in [48]. The explicit, non-dimensional, expression is given as

κ2 =Wo (−µe
−µ) + µ (1.7)
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In dimensional form, the flame speed for dust flames burning in the diffusive regime

is thus expressed as

S2
L = (

α

tc
) [Wo (−µe

−µ) + µ] (1.8)

The effects of preheat on laminar dust flames burning in diffusive-regime are assessed

in Chapter 4, based on the formulation of Eq. 1.8.

1.4.2 Discrete theory

While traditional flame theory assumes that reactions occur in a continuum (i.e.

heat is uniformly spread throughout the mixture) [49], heterogeneous systems have

localized heat sources in particles. Most studies of heterogeneous combustion assume

that the flames propagate based on continuous theory, but it has been proposed that

dust flames may propagate in a discrete nature under conditions where the burning

time of individual particles is much shorter than the heat diffusion time between

particles [46]. Recent evidence of discrete flame propagation has been observed in

iron flames burning in oxygen-xenon mixtures in microgravity conditions [50], and it

was shown that this discrete nature can render flame speeds independent of oxygen

concentration or particle burning rates, and that the inter-particle spacing of these

heterogeneous systems strongly influences the flame speed.

The flame speed in discrete theory is expected to have a dependence of SL ∝ α/lp,

where lp is the inter-particle distance. An explicit expression for the flame speed in

discrete theory has not yet been found, however the above scaling has been observed

from solving the analytical expression for the discrete model [46] as well as in experi-

ments [50]. The discreteness of a heterogeneous mixture is defined by the discreteness

parameter, τc = tcα/l2p, where τc << 1 is considered to be the discrete limit. When

modeling discrete flames, tc is modeled as a δ-function. As the discreteness parameter

for a given heterogeneous mixture is increased, the discrete theory predictions even-
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tually coincide with predictions from continuous theory [46]. The effects of preheat

in the discrete regime will be considered in the discussion (Chapter 4) to provide a

comprehensive comparison to the experimental results from this work.
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Chapter 2

Experimental Methods

2.1 Description of Preheat Apparatus

2.1.1 Overall description

The experimental setup built for this work is shown schematically in Fig. 2.1, and

is based on previous dust flame burners used at McGill [5, 6]. A piston cylinder is

filled with aluminum powder which is fed upwards to the dispersion system using a

stepper motor that precisely controls the feed rate of powder being delivered. Despite

variable force loading in the piston and cylinder during dispersion, the stepper motor

is designed to maintain a constant feed rate. An “airknife” provides a sonic flow of air

which continuously removes a small layer of powder, creating a turbulent two-phase

flow. The two phase flow is then laminarized and heated through a 1 m long, highly-

polished, stainless steel tube with a diameter of about 2 cm, enveloped by a series of

three 400 W ceramic heaters. Each heater is individually temperature controlled with

a K-type thermocouple in contact with the tube wall. The apparatus is preheated to

a constant temperature prior to each experiment. The heated flow exits the conical

bottom nozzle, having a diameter of about 12.7 mm, and is met by an opposed

flow of ambient air from a concentrically placed top nozzle. A remotely controlled
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Fig. 2.1: Depiction of experimental apparatus: (left) image of burner and supporting
structure; (middle) schematic of counterflow preheat burner; (right) schematic of
stabilized flat flame.

propane-air ignition torch is used to ignite the aluminum-air mixture, forming a flat

flame between both nozzles. The ignition torch is immediately shut-off once a self-

sustained flame is formed. An upward flow of inert nitrogen gas is used to shield the

flame from external contaminants and to reduce the prevalence of vortices at the flow

periphery. An emergency off switch is built into the apparatus’ control box which

stops the stepper motor, closes all pneumatic valves to stop gas flow, shuts off ignition

torch, and turns off the ceramic heaters.

2.1.2 Dispersion system

The newly designed dispersion system assembly is shown in greater detail in Fig. 2.2.

The stepper motor not only saves space and weight to the entire apparatus, but can

also be easily controlled from a computer, along with all other control and diagnostic
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Fig. 2.2: Metal powder dispersion system: (left) picture of dispersion system including
stepper motor assembly, piston cylinder, and “airknife” assembly; (right) schematic
of dispersion system assembly

systems. The assembly is built such that the bottom plate, upon which the motor

is mounted, may translate up or down to allow for removal of the piston between

experiments. The motor rod is fitted with a self-aligning end which pushes on the

brass piston. By maintaining relatively loose tolerances, the piston can be loaded and

unloaded easily and the stepper motor assembly ensures alignment with the piston

under variable loading conditions. The stepper motor rod has an effective length of

4 inches. The piston is fed upwards at a rate of about 0.04 in/s, resulting in a total

dispersion time of just over 1.5 minutes.

All aluminum-air preheat experiments used spherical H-2 powder produced by

Valimet (Stockton, CA). The particle arithmetic mean diameter (d10), measured using

a laser scattering method with a Horiba LA-920, was approximately 3.5 µm. The

particle size distribution is shown in Fig. 2.3. To prevent agglomeration and ensure
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Fig. 2.3: Particle size distribution and SEM image of Valimet H2 Aluminum powder.
Particle sizing results obtained using Horiba LA-920.

efficient combustion during experiments, the aluminum powder is dried in a vacuum

oven at about 500 K for 4-6 hours to remove any excess moisture that may have

accumulated on the particles during storage.

2.1.3 Length of heating tube

Obtaining a controllable and relatively uniform temperature profile of the metal sus-

pension at the nozzle exit highly depends on the length of the heating tube. In the

case of heterogeneous mixtures, the heating tube must be straight to avoid excess

pressure losses and particle settling. Only for gaseous mixtures could the heating

tube be looped or coiled to maximize the heating length. The required heating

tube length can be determined from a simple dimensional analysis using the one-

dimensional heat conduction equation. The characteristic heating time, τ , can be

approximated as τ ≃ l2c/α, where lc is the characteristic length (tube inner radius),

and α is the mixture thermal diffusivity. Assuming a tube diameter of 0.870 in and

α of 2.14e-5 m2/s, τ is about 5.6 s. Accounting for a typical flowrate of 300 cc/s,

this corresponds to a tube length of about 4.4 meters. This gives a rough estimate of
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how long the heating tube should ideally be, but certain lab and practical constraints

limit the tube from being this long. Ultimately, a meter long tube was chosen and

results will show that the exit flow temperature profile is relatively uniform within

the center flow region of interest within ± 5-10 K.

2.1.4 Preheat temperature measurements

The temperature of the aluminum-air suspension was determined by measuring the

temperature of the gas devoid of particles at the exit of the bottom nozzle. Due

to strong particle adhesion to the thermocouple probe, direct temperature measure-

ments of the particle suspension soon become unreliable. It is thus assumed that

the temperature of the suspension closely matches the temperature of the gas alone.

This assumption is primarily based on the probability of enhanced radiative heat

absorption within the suspension of metal particles, as well as greater thermal iner-

tia of the suspension when flowing through the unheated section of the apparatus.

These effects largely compensate for the lower thermal diffusivity of the suspension

compared to the gas. The preheated temperature of the gas is measured at the exit

of the bottom nozzle using three bare-wire K-type thermocouples with diameters of

0.127 mm, 0.254 mm, and 0.381 mm. To correct for measurement error due to vari-

able heat losses from each thermocouple, temperature measurements from the three

thermocouples are extrapolated to zero-junction to obtain the absolute temperature

of the gas.

Figure 2.4 shows the radial temperature profile of the suspension for four differ-

ent preset tube-wall temperatures (Tset) of 373 K, 474 K, 523 K, and 573 K. For

each Tset, the exit flow temperature exhibited a top-hat profile in the center flow

region, approximately ±2 mm from the nozzle center. The temperature of the flow

in this center region did not deviate by more than ±10 K in both space and time.

While the effects of heat loss are noticeable near the flow periphery at higher tube-
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wall temperatures (see Figure 2.4), only center-line flow velocities are used for flame

speed measurements, thus temperature gradients near the nozzle edge do not affect

the experimental results and the initial temperature is taken from the center-line

measurement.

-4 -2 0 2 4

300

350

400

450

500

Fig. 2.4: Radial temperature profiles of aluminum suspension at varying tube-wall
temperatures.

2.2 Diagnostics

The preheat counter-flow metal dust burner consists of two main diagnostic setups: 1)

laser attenuation to monitor aluminum dust concentration throughout experiments,

and 2) Particle Image Velocimetry (PIV) to capture the flow of particles through the

flame front. The diagnostic setups are shown schematically in Fig. 2.5.

The dust concentration monitoring setup is comprised of a 5 mW 632 nm colli-

mated red laser and a corresponding photodetector with a narrow band-pass filter

centered at 632 nm, which filters out the bright luminescence from the aluminum
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Fig. 2.5: Schematic of laser diagnostic systems, including PIV and dust concentration
monitoring.

flame. The laser light passes through the center of the particle-laden flow field at

the exit of the bottom nozzle. The light attenuation, caused by scattering from the

aluminum particles, is measured using the photodetector, and related to the dust

concentration using the Beer-Lambert Law, which is written as

ln(
Vo
V

) =mB (2.1)

where Vo is the nominal voltage produced by the 5 mW red laser, V is the attenuated

voltage, B is the dust concentration, and m is the calibration constant. The calibra-

tion is performed by dispersing dust particles into a high-collection filter while simul-

taneously monitoring laser attenuation, weighing the filter before and after dispersion,

and then calculating the resulting dust concentration. The dust concentration and
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laser attenuation results are then fitted to Eq. 2.1 to obtain the calibration constant.

Figure 2.6 shows the dust concentration calibration data, where the shaded region

represents the 95% confidence interval, and the dotted lines represent the prediction

bands at two standard deviations. The calibration constant, m, was approximately

0.007 m3/g.

Fig. 2.6: Concentration calibration results showing the line of best fit, 95% confidence
interval (shaded), and prediction bands at two standard deviations (dotted).

The PIV setup consists of a 5 W, 532 nm green continuous laser (Dragon Laser),

and optical elements to form a laser sheet that illuminates a cross-section of the flow

field. The optics consist of a Galilean telescope which expands the beam to encompass

the flame and upstream flow field, along with a cylindrical lens that forms a thin laser

sheet at the center of the flow field. A Photron SA5 highspeed camera, filming at

4000 fps and fitted with a 532 nm narrow bandpass filter, is mounted perpendicular

to the PIV laser setup, and captures the reflected light from the cross-section of

illuminated aluminum particles. Image pairs are then processed in DaVis (LaVision),

which tracks the displacement of individual particles between frames to produce a
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velocity vector map. These vector maps are subsequently processed in MATLAB,

where the center-line velocities are used to obtain the velocity profile. Images of this

process are seen in Fig. 2.12 and described in section 2.4.

2.3 Validation of experimental setup

2.3.1 PIV validation: cold flow

Prior to performing aluminum-air or methane-air experiments, experimental results

for cold stagnation flow were compared to an analytical model for impinging laminar

jets to validate the basic features of the experimental apparatus and PIV technique

[51]. The cold stagnation flow axial velocity profile is well characterized by an error

function and a strain rate parameter which depends only on the Reynolds number

(Re) [51]. Prescribing the experimental flow conditions and parameters to the cold

stagnation flow model, the analytical model is then compared to the PIV cold flow

results, seeded with a small amount of 5 µm alpha-alumina (Al2O3), averaged over

500 frames along the center line of the flow, as shown in Fig. 2.7. The comparison in

Fig. 2.7 shows good agreement between experimental and analytical results, indicating

that the PIV technique accurately captures the particle motion from the bottom

nozzle exit to the stagnation plane, and that effects of Stokes drag are negligible.

2.3.2 PIV validation: preheated methane-air flame speeds

Methane-air flames were also seeded with 5 µm alpha-alumina (Al2O3). Stretched

burning velocities, Su,ref , at equivalence ratios of φ = 0.9, 1.0, and 1.2 were measured

at initial gas temperatures of about 293 K, 353 K, 438 K. The stretched burning

velocity is determined by finding the local minimum of the flow profile corresponding

to the flame position, as shown in Fig. 2.8. At each temperature, experiments were
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Fig. 2.7: Averaged experimental cold stagnation flow profile compared with analytical
model [45]

performed for multiple stretch rates, K, which is defined as the velocity gradient

2 mm upstream of the flame.

Experimental values of Su,ref were extrapolated to zero-stretch to obtain the lam-

inar burning velocity, So
L, using stagnation flame models obtained from the GRI 3.0

kinetic mechanism. An example comparison between an experimental methane-air

flat flame flow profile and a simulated flat flame flow profile is shown in Fig. 2.8. The

poor agreement shown between the GRI 3.0 simulation results and experimental data

in the post-flame region in Fig. 2.8 is likely caused by lowered inert particle count

due to decreased density of the gas. Unreliable particle tracking and averaging of

near-zero velocities in the post-flame region consequently reduces the average veloc-

ity, resulting in such an apparent deviation from the GRI 3.0 simulation results. For

the purposes of this work, the post flame region is not critical in determining Su,ref ,

and therefore any post-flame discrepancies are neglected.
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Fig. 2.8: Averaged experimental counterflow methane-air flame profile (φ = 1.0, no
preheat) compared with simulation results obtained using the GRI 3.0 kinetic mech-
anism.

Figure 2.9 shows a comparison of multiple flow profiles for experimental and sim-

ulated methane-air flames (φ = 1.0) across multiple stretch rates for constant initial

temperature. An increase in stretch rate shifts the flame position further away from

the bottom nozzle, and generally results in an increase in flame speed. There is good

agreement between experimental results and GRI 3.0 predictions up until the flame

position, and while post-flame agreement is generally poor, the experimental results

do seem to converge to the same stagnation surface, which qualitatively matches with

GRI 3.0 predictions. Figure 2.10 demonstrates the effects of preheat on the flame

profile, at approximately the same stretch rate, for increasing initial temperature.

The flame position shifts upstream with preheat, which results in a faster reference

flame speed. There is also generally good agreement in flame position and flame speed

between experimental and simulated preheated methane-air flat flames.

The uncertainty in experimental flow velocities in Figs. 2.9 and 2.10 is defined by

the standard deviation of the mean flow velocity. Since the results are averaged over

approximately 1000 data points, the uncertainty is on the order of 0.1 cm/s and can-

not be represented graphically. In Chapters 3 and 4, Figs. 3.2 and 4.2, respectively,
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Fig. 2.9: Averaged experimental counterflow methane-air flame profiles at φ = 1.0
and Tu = 300 K for stretch rates of K = 342 1/s (red), 365 1/s (blue), and 402 1/s
(black), compared with GRI 3.0 stagnation flame simulations at the same stretch
rates (solid lines).

instead use the standard deviation of the measured flow velocities to define the uncer-

tainty in order to more realistically depict the spread of the data and accuracy of the

measurement technique being used. A more general discussion regarding uncertainty

in flame speed measurements is provided in Chapter 3.

In the extrapolation to zero-stretch technique [52, 53], it assumed that the devi-

ation between experimental and simulated stretched flame speeds is also applicable

at flames of zero-stretch, thus this deviation can be applied to free-flame simulations

using GRI 3.0 mechanism to obtain the experimental So
L. The experimental and simu-

lated flame speeds from Figs. 2.9 and 2.10 are plotted in Fig. 2.11 for each equivalence

ratio and simulated values for unstretched flames are shown on the vertical axis at

zero-stretch. The average deviation between stretched experimental and simulated

flame speeds is applied to So
L from simulations, resulting in the experimental value of

So
L that is used for validating the experimental setup.
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Fig. 2.10: Averaged experimental counterflow methane-air flame profiles at φ = 1.0
and K ≈ 410 1/s for initial temperatures of Tu = 293 K (black), 353 K (blue), and
438 K (red), compared with GRI 3.0 stagnation flame simulations at the same initial
temperatures (solid lines).
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Fig. 2.11: Extrapolation of stretched methane-air burning velocities to zero-stretch
for φ = 0.9, 1.0, and 1.2 and Tu = 293 K (∎), 353 K (◻), and 438 K (∎). Simulated
flames are represented by triangles.

2.4 Flame speed measurements in aluminum-air

mixtures

Aluminum-air suspensions were preheated to temperatures of about Tu = 300 K,

361 K, 443 K, 481 K, 524 K. The reference flame speeds and stretch rates for counter-
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flow aluminum-air flames were obtained in a similar manner as methane-air flames.

However, whereas the seeding particles in methane-air flames can be traced through

the flame front and up to the stagnation plane, the aluminum particles vaporize and

form nano-metric oxide products, which have a greater tendency to scatter light.

Thus, particle tracking is not feasible downstream of the flame. This difference in

PIV diagnostics is apparent when comparing the images and velocity vector fields in

Figs. 2.12a.ii and b.ii.
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Fig. 2.12: Comparison of aluminum-air and methane-air flame speed measurements.
(a.i/b.i) Flat aluminum/methane flames. (a.ii/b.ii) Left: PIV image showing illumi-
nated aluminum/alumina particles; Right: Processed velocity vector field of coun-
terflow aluminum/methane flame. (a.iii/b.iii) Representative velocity profile of flat
aluminum/methane flame.
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Ideally, the stretch rate for all preheated aluminum-air flames would have been

kept constant to limit the effects on flame speed to only the initial temperature. How-

ever, stabilizing counter-flow aluminum-air flames across a wide range of flowrates is

not feasible given the current limitations in achieving consistent and stable dust dis-

persion. Therefore, faster flame speeds must be stabilized at higher stretch rates.

Furthermore, corrections due to stretch for aluminum-air flames have not been per-

formed since a theory for stretched dust flames does not yet exist. Stretch effects in

dust flames will likely differ from gas flames due to particle inertia and the consid-

erably thicker combustion zones, on the order of the flame preheat zone [23], due to

particles burning in the diffusive regime. It is thus assumed that effects of stretch in

dust flames are consistent across all initial temperatures.

It has also been previously shown in aluminum dust flames that flame speeds in

fuel-rich suspensions are insensitive to fuel particle concentrations, due mainly to a

negligible change in oxygen concentration and increased reaction surface area in rich

flames [8]. Therefore, aluminum dust concentrations were kept above stoichiometry

(Bst ≈ 305g/m3), in order to eliminate a dependence of flame speed on dust concentra-

tion. On average, aluminum concentrations ranged between 325 g/m3 and 375 g/m3.

Flame spectra were obtained for aluminum-air flames, using a 100 µm fiber optic

cable and Ocean Optics USB 4000 spectrometer. However, the fitting of the flame

spectra to Planck’s Law, within the range of 410 to 850 nm, resulted in an uncertainty

of ± 200 K for flame temperature. For the purposes of this thesis, such a large and

unavoidable uncertainty rendered flame temperature measurements unsuitable for

analysis, and thus are not included in this work.

2.4.1 Experimental procedure for aluminum-air flames

This section describes the general procedure used for conducting preheated counter-

flow aluminum-air flame experiments. The ceramic heater temperature controllers
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are first set to the desired tube-wall temperature 1. The dispersion piston is removed

during this time to prevent premature heating/ignition of the aluminum powder.

Once the apparatus reaches steady-state temperature (usually within ≈ 30 minutes),

the spacing between the bottom and top nozzle is readjusted to account for thermal

expansion of the apparatus. All diagnostic setups (concentration and PIV) are also

adjusted accordingly. The preheated gas temperature is then measured at this time.

The flowrates of air supplied to the bottom and top nozzles are set using electronic

mass flow controllers (MFCs) at about 400 cc/s. The stepper motor feed rate is set

to 0.04 in/s

The dispersion piston, filled with aluminum powder, is then inserted into the bot-

tom of the “airknife”. The ventilation system is turned on to capture the combustion

products. The pneumatic valves are opened to allow air flow to both nozzles and the

stepper motor is activated to begin dispersion of powder. The concentration of powder

is monitored in real-time and allowed to gradually ramp-up to fuel-rich conditions, at

which point the ignition torch is activated to ignite the aluminum-air mixture. Once

a stable, self-sustained flame is visible, the high-speed camera is triggered and records

for approximately 1-2 seconds. After the camera has finished recording, all air lines

are closed and the stepper motor is retracted to its initial position.

1Particle ignition within the 1 m heating tube can occur at wall temperatures of ≈ 600 K (lower
than cloud ignition temperature). This may lead to rapid burning of the column of powder within
the dispersion piston, resulting in the piston becoming dangerously hot.
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Chapter 3

Results

3.1 Methane-air validation results

Laminar burning velocities of methane-air flames as a function of initial tempera-

ture are shown in Fig. 3.1, with reference to the GRI 3.0 free-flame simulations.

The resulting power law scaling for all three equivalence ratios was approximately

So
L ∝ T 1.9

u , which is in good agreement with established power law relations from

literature [29] and free-flame simulations. These results are also shown as a function

of equivalence ratio in Fig. 3.2, where the error bars represent the standard deviation

of the measured flame speed. There is a noticeable systematic difference between

the experimental methane-air flame speeds and the simulation results. This could be

partially attributed to the use of 5 µm alumina particles, rather than smaller 1 µm

particles, as used in previous work [53]. The estimated effects of Stokes drag for

5 µm alumina particles suggested that particle slip in the gaseous flow field could

partially account for the apparent deviation between experimental and simulated re-

sults. However, the experimental setup is not optimized for gas flame experiments,

thus all experimental gas flame results are solely intended as proof-of-concept. Addi-

tionally, a relatively large disparity in experimental flame speeds for gaseous flames
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under preheat still exists in the literature [29], where the preheat power law exponent

may deviate between 1.6 and 2.0 depending on the type of experiment performed and

what diagnostics where available at the time. Thus, for the purposes of this work,

it can be stated that the experimental apparatus and diagnostic techniques function

as intended, based on the experimental methane-air preheated flame speed results.

To the authors knowledge, these are the first results for preheated methane-air flame

speeds using a counter-flow flat flame burner.
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Fig. 3.1: Validation results of preheated methane-air flames at φ = 0.9, 1.0, and 1.2,
compared to GRI 3.0 kinetic mechanism predictions.
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Fig. 3.2: Experimental preheated methane-air flame speeds compared to free-flame
GRI 3.0 simulations at multiple equivalence ratios. Error bars represent one standard
deviation of the zero-stretch flame speeds.
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3.2 Aluminum-air flame speed results

Aluminum-air flames were successfully stabilized across a range of initial reactant

temperatures from 300 K to 524 K. Flame speeds were obtained by averaging the

local minimum of the flow velocity profile obtained from 100-200 PIV images. Flame

speeds obtained from each experiment are shown with respect to initial tempera-

ture in Fig. 3.3. It is interesting to note that previous reported flame speeds from

aluminum counter-flow flames under ambient conditions using 5.6 µm particles were

approximately 30-35 cm/s [6]. Flame speeds in this work at ambient conditions were

about double (≈ 65 cm/s) due to smaller average particle size (larger reaction surface

area). Flame speeds essentially double when increasing the initial temperature by

about 225 K, which demonstrates a lower sensitivity in flame speed to initial temper-

ature with reference to the data from unpublished work reported in [24]. Fitting a

power law to the results in Fig. 3.3 results in SL ∝ T 1.1
u .
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Fig. 3.3: Flame speeds of aluminum-air suspensions at different initial temperatures
of the unburned mxiture.
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It was also observed that flame speeds in fuel-rich suspensions remained generally

constant with respect to dust concentration, even at higher initial temperatures, as

shown in Fig. 3.4. These results, however, are limited to a narrow range of con-

centrations when compared to previous studies of aluminum-air flames in fuel-rich

suspensions [8]. The average uncertainty in concentration caused by fluctuations dur-

ing the dispersion process is approximately ± 16 g/m3, and is not expected to affect

the flame speed results under varying degrees of preheat. It should be noted that

while preheating the dust suspension does not alter the particle concentration, the

gas (oxidizer) density does decrease, which effectively increases the equivalence ratio

of the mixture.
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Fig. 3.4: Flame speeds of aluminum-air suspensions at different fuel-rich concentra-
tions of aluminum.

Whilst no theory for stretched dust flames exists in the literature, comparing mea-

sured stretched rates with simple predictions based on flowrate and changes in initial

temperature will determine whether the experimental strain rates are consistent with

known hydrodynamic effects. The strain rate can be approximated as K ≈ Ujet/dn,
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Fig. 3.5: Measured aluminum-air flame stretch rates for various initial temperatures.
Red dotted line represents estimated strain rate.

where Ujet is the free stream flow velocity at the exit of the nozzle, and dn is the

distance between the nozzle and the flame. The free stream velocity is directly pro-

portional to the initial temperature, assuming a fixed a mass flowrate of the dust

suspension for all experiments. Due to the intense luminosity of the aluminum-air

flame, tracking the flame front is not feasible and thus the limiting assumption is

made that dn is constant for all experiments and about 8 mm. The measured strain

rates as a function of initial temperature are shown in Fig. 3.5. The dashed line in

Fig. 3.5 represents the estimated strain rate at a given initial temperature for the

mass flowrate used for all aluminum-air experiments. The predictions show good

agreement with experimental measurements, indicating that accurate measurement

of strain rates for metal flames are feasible, even at elevated initial temperatures. As

previously mentioned, aluminum-air flame speed measurements are not corrected for

stretch and are presented in this thesis solely as experimental results. However, the

unknown effects of stretch in dust flames are a prominent aspect of uncertainty in the
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final analysis of preheat effects on aluminum-air flames, as is discussed near the end

of Chapter 4.

3.3 Uncertainty in aluminum-air flame speed mea-

surement

Flame speed measurement uncertainty arises from mixture impurities, variances in

equivalence ratio or fuel loading, imaging resolution, or agglomerations. For gaseous

flames, variances in parameters such as equivalence ratio or mixture purity can be

quantified with relative ease, and these variances can be used to perturb numerical

simulations (e.g. GRI 3.0 mechanism or Aramcomech 3.0)[39]. The effect of each

individual parameter uncertainty on the numerical flame speed is then applied to

the experimental measurements. Albeit, an often controversial subject for gaseous

flames is the assumption that numerical gas flame simulations do not introduce any

additional error [54]. This implies that uncertainty quantification for gaseous flame

speed measurements may in fact be larger than currently reported values.

In the case of metal flames, fluctuations in fuel loading (aluminum concentra-

tion) are monitored, but since no accurate numerical models currently exist for metal

flames, the effect of each parameter on the flame speed cannot be reasonably quanti-

fied. The uncertainty for aluminum-air flames is therefore quantified by the standard

deviation of the mean of the measured results. This is assumed to account for overall

variations in the measurement technique, which includes experimental fluctuations

due to particle loading and video processing methods using DaVis particle tracking

software. Ultimately, the uncertainty in aluminum-air flame speed measurements is

not significant when considering the mean value of the data, and may be on the order

of 0.1 cm/s to 1 cm/s. Albeit, this does not suggest that experimental aluminum-

flame speed measurements from this work are absolute since obvious measurement

38



limitations are still prevalent, particularly with regards to flame geometry (hydro-

dynamic stretch effects) and measurement techniques and software used. The final

results in Chapter 4 actually show the standard deviation of the measurements, as

oppose to the standard deviation of the mean, to more appropriately show the spread

of the measurements that are typically observed in dust flame experiments.
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Chapter 4

Discussion

In order to explain the physical mechanisms responsible for the observed flame speed

sensitivity to preheat in aluminum-air flames, the discussion section is divided into

three parts. The first section discusses the effects of preheat on flame temperatures

and kinetic rates in aluminum-air flames. The second section will attempt to phys-

ically explain the observed experimental trend in flame speed under preheat effects

by considering only the two continuous models, invoking the kinetic and diffusive

regimes of particle combustion. The role of variable ignition temperatures and the

collective effect [19] are discussed. The third section includes analysis using discrete

theory and the looks at the influence of preheat effects on dust flames in the realm

of a varying discreteness parameter. The effects of radiation preheating are not dis-

cussed in this section, as it was mentioned in section 1.2 that radiation preheating

only affects dust flames in large-scale dust clouds. The only radiation effects in the

small-scale experiments performed in this work are attributed to heat losses.

4.1 Sensitivity of Tad to preheat

The strong dependence of SL on Tu for methane-air flames, shown in Fig. 3.1, is

generally attributed to an increase in the mixture heat diffusivity in the flame preheat
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zone, and a dependence of Arrhenius kinetic rates on temperature in the combustion

zone. The heat diffusivity of a gaseous mixture typically scales as α ∝ T 1.5
u , and the

Arrhenius law exhibits an exponential dependence on temperature as ω̇ ∝ e−EA/RTad .

The reader should note, however, that the effects of heat diffusivity and reaction

rates do not fully account for the observed increase in flame speeds in gaseous flames.

Combustion textbooks usually only attribute preheat effects to α and ω̇ (or Tad) [41],

but do not consider other fundamental factors, such as heat needed to reach the start

of the reaction zone of the flame. In general, the literature does not discuss the physics

of preheat for gaseous flames, and almost exclusively aims to simply find the trend

of preheat effects on flame speeds. It is not the goal of this thesis to fully reconcile

these claims for gaseous flames, but merely to elicit them as these are important

considerations, especially when attempting to understand the lesser-known physics of

metal flames.

The dependence of SL on Tad, in the case of gaseous flames, is strongly felt

through the Arrhenius term, and for gaseous flames Tad can be approximated as

Tad ≈ Tu + (q/cp)Yu, where q is the chemical heat release, cp is the specific heat, and

Yu is the mass fraction of the deficient reactant [41]. Figure 4.1 shows the calculated

dependence of methane-air flame temperatures on Tu, calculated with CANTERA

using the NASA thermodynamic database [55]. The CANTERA Tad calculations ac-

count for product dissociation in the flame zone (mainly H2O and CO2), which has the

effect of lowering Tad, but the approximation that Tad increases due to a corresponding

increase in Tu is a reasonable estimate for the purposes of this discussion.

Metal flames may exhibit a similar dependence of thermophysical properties on

temperature, as seen in gaseous flames, but aluminum-air flame temperatures (also

shown in Fig. 4.1 using FactSage thermochemical software [56]) remain practically un-

changed with an increase in initial mixture temperature. Thus, aluminum-air flames

are likely to exhibit a much weaker dependence on reaction kinetics than gaseous
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flames. The insensitivity of aluminum-air flame temperatures to preheat is explained

by the presence of refractory oxides in the flame zone, primarily Al2O3. Glassman

[57] was the first to propose that metal flame temperatures would be limited by the

metal oxide’s dissociation temperature if the available heat (difference between the
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Fig. 4.1: Calculated adiabatic flame temperatures for methane-air and aluminum-air
stoichiometric mixtures at different temperatures of the unburned mixture.

heat of reaction and the rise in enthalpy required to raise the products from the initial

temperature to the volatilzation temperature of aluminum) was not sufficient to en-

tirely vaporize the oxide. Calculated temperatures in Fig. 4.1 show that aluminum-air

flame temperatures are approximately 3500 K, or near the dissociation temperature

of Al2O3. Thus, in a diffusion-limited combustion regime, individual aluminum parti-

cles would burn near this oxide vaporization-dissociation temperature, independently

of the surrounding gas temperature. This distinguishable aspect of aluminum dust

flames may suggest a weak kinetic reaction rate dependence on temperature.

Furthermore, studies on the combustion of single aluminum particles have also

suggested a weak dependence of particle combustion time on temperature [58]. Sem-
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inal works on single particle combustion have shown decreasing ignition delay times

for particles injected into a high temperature, high pressure gas flow, yet these par-

ticles generally exhibited constant burn times [59]. This could be an indication that

even in dense clouds of particles, the overall burn time may be independent of the

temperature of the surrounding gas. It should be noted, however, that most studies

involving single particles are performed at elevated pressures (e.g. shock tubes) which

may not be directly comparable to flames at ambient pressures.

The independence of reaction rates on temperature is a distinguishable feature of

aluminum-air flames and is extended to both continuous and discrete models of flame

propagation. The next sections outline the dust flame models, while accounting for

constant flame temperatures and constant reaction rates, and will be simplified to

temperature dependent scalings to elucidate the role of preheating on flame speeds

in dust suspensions.

4.2 Preheat effects: continuous flame theory

4.2.1 Preheat effects: kinetic-regime

The modeling of kinetically reacting aluminum particles is fundamentally described

by the expression for flame speed developed by Zeldovich and Frank-Kamenetskii [44],

which does not employ the concept of a fixed ignition temperature, but rather depends

on the Arrhenius reaction rate term, as well as the transport of energy through the

diffusion of species and heat. The expression, as presented by Law [41], and modified

here for heterogeneous combustible mixtures, is written as

S2
L =

2αLeK

rpρgZe2
e
−EA
RTad (4.1)
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where Le is the Lewis number, K is the pre-exponential factor, rp is the particle radius,

R is the universal gas constant, EA is the activation energy, and Ze is the Zeldovich

number. A Lewis number (ratio of heat to mass diffusion) of unity is assumed to

simplify the analysis. For gaseous mixtures, K is a density-weighted collision reaction

rate with units of g/m3 − s. For heterogeneous flames however, K should be a density-

weighted regression rate to account for the particle size, and thus have units of m
s

g
m3 .

Thus, the combined term K/rpρg is usually defined as constant for a given combustible

mixture [41].

The Zeldovich number is written as Ze = EA (Tad − Tu) /RT 2
ad and represents the

heat required to raise the mixture from Tu to Tad, normalized by Tad. The Zeldovich

number is fundamentally the product of two terms. The first is a temperature term

dependent on the chemistry of the mixture and written as EA/RTad, which is the

activation temperature normalized by the flame temperature. The second term is a

heat balance and is written as (Tad − Tu) /Tad. This concept is similar to µ, which

appears in the diffusive-regime flame speed expression (Eq. 1.8), except that reaction

onset in kinetic theory occurs near Tad, or one Zeldovich interval below Tad [41],

instead of at Tig. Since ω̇ is constant due to constant Tad, Eq. 4.1 can be simplified

to

S2
L ∝

αω̇

Ze2
≈

α

Ze2
(4.2)

Note that the appearance of Ze2, instead of simply Ze, in Eq. 4.2, is based on the

assumption of a first-order heterogeneous reaction rather than zero-order reaction.

However, in terms of flame speed sensitivity to initial temperature, there is negligible

difference in assuming either Ze or Ze2.

Based on Eq. 4.2, the flame speed for particles burning in the kinetic regime is

dependent on preheat due to an increase in the thermal diffusivity of the suspension

and a lowering of the required heat needed to reach one Zeldovich interval below
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Tad. Since α = λ/ (ρgcp,g +Bcs), the effect of raising the initial temperature causes an

increase in λ and a decrease in ρg. The specific heats of the gas and solid particles are

effectively constant across the initial temperature range in this work, and B is also

kept nearly constant for all experiments. The temperature at which α is evaluated

at is critical in modeling any combustion system, and can greatly affect theoretical

predictions. In this work, a first approximation is used where the increase in α through

the flame preheat and reaction zones is compensated for by an increase in flow speed

of the fuel-air mixture within the flame zone due to decrease in gas density. The

increased flow speed would have the tendency to slow the diffusion of heat upstream,

thus it is reasonable to evaluate α at simply Tu. This assumption is made for all

models in this work.

The reader should also note that the assumption of constant B for all experiments

is based on the concentration measurements presented in Fig. 3.4. It may also be

realistic to expect the dust concentration to diminish with preheat as gas expansion

causes particle spacing to increase, however it is incorrect to assume that B would

drop proportionally to ρg (maintaining a constant φ) with increasing Tu. The case of

constant φ was tested for all dust flame models and produced insignificant changes

in the qualitative results for all models, and thus are omitted from this work.

4.2.2 Preheat effects: diffusive-regime

As outlined in section 1.4.1, the combustion of solid metal particles controlled by

oxygen diffusion to the particle surface necessitates particle ignition, or a transition

from the kinetic-regime of combustion to the diffusive-regime. This ignition event

occurs at the particle ignition temperature. In the diffusive-regime model, the heat

release rate is constant in the flame zone, and the burning rate of the particle is

governed by a characteristic combustion time, tc, rather than an Arrhenius reaction
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rate, ω̇. Equation 1.8 is written again here for convenience:

S2
L = (

α

tc
) [Wo (−µe

−µ) + µ] (1.8)

It should be emphasized that µ has a similar definition to Ze, used in the kinetic-

regime model, however µ is more sensitive to changes in initial temperature since the

difference in temperature is defined as Tig − Tu and not Tad − Tu, as defined in the

Zeldovich number. This implies that preheated flames burning in the diffusive regime

are much closer to reaction onset than flames burning in the kinetic-regime, and thus

more sensitive to preheat.

The assumption of constant tc can be made in the diffusive regime since there

is negligible separation between gas and solid phase temperatures in fuel-rich dust

flames [10]. In the diffusive regime, the characteristic combustion time is defined

as tc = rp/DCg, where rp is the particle radius, D is the mass diffusivity of the

oxidizer, and Cg is the oxidizer concentration surrounding the particle. Both D and

Cg are temperature dependent, however, at a constant Tad, oxidizer diffusion rates

and concentration are nearly constant. The Lambert function term, Wo (−µe−µ),

also changes negligibly with preheat compared to µ, thus the analytical flame speed

expression for dust flames in the diffusive regime can be simplified to

S2
L ∝

αµ

tc
≈ αµ (4.3)

From Eq. 4.3, the effect of Tu on SL is partially felt through the change in thermal

diffusivity of the mixture, much like the kinetic-regime model, and the temperature

dependent term µ, which can be physically interpreted as representing the energy

required to heat the mixture from Tu to Tig in the flame preheat zone. This would

imply that preheating the dust suspension simply reduces the required heat needed

to reach the ignition point, thus the rate of flame propagation through the mixture
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must increase (left-hand side of Eq. 1.4) to balance the constant heat flux from the

combustion zone (right-hand side of Eq. 1.4). What remains unknown, however, is

a value for Tig for a given aluminum-air suspension. For single aluminum particles

Tig is approximately 2000 K, or near the melting point of Al2O3. In a dense cloud

of particles, Tig can reach temperatures as low as 900 K, near or slightly below the

melting point of aluminum, due to what is termed the collective effect [19]. The

collective effect describes the self-heating of particles in a dense suspension, effectively

shielding the particles from heat loss to the surroundings. This has the effect of

lowering ignition temperatures in dust suspensions by several hundred degrees [60].

However, since it still remains unclear what Tig should be for a dense suspension of

aluminum particles, a range of values are used, as shown in Fig. 4.2.

4.2.3 Comparison of continuous flame theory with experi-

mental results

The theoretical models described in the previous sections are used to calculate nor-

malized flame speed sensitivities to initial temperature, and are directly compared

with the averaged aluminum-air flame speed results from this work in Fig. 4.2. All

flame speeds are normalized with respect to ambient conditions where To = 300 K.

The noticeable decreased sensitivity of aluminum flame speeds to temperature com-

pared to methane flame speeds was previously mentioned in Chapter 3, and it is

now evident from Fig. 4.2 that this decreased sensitivity is attributed to an indepen-

dence of kinetic reaction rates to initial temperature for aluminum flames. Both dust

flame models capture this weakened sensitivity to initial temperature for aluminum-

air flames, keeping in mind the qualitative nature and simplicity of both models. The

dotted line in Fig. 4.2, representing the kinetic regime preheat predictions, falls just

slightly below the diffusive regime prediction for Tig = 2000 K. This could suggest

that preheat effects in aluminum-air flames are independent of the mode of particle
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Fig. 4.2: Comparison of sensitivity of experimental aluminum-air dust flame speed
on initial mixture temperature with results for methane-air flame and theoretical
predictions considering a) kinetically reacting particles, b) particles burning in the
diffusion regime.

combustion, at least if ignition temperatures are near the aluminum oxide boiling

point.

The deviation between the kinetic and diffusive regimes arises mainly due to a

lowering of the ignition temperature of the mixture due to the collective effect. How-

ever, within the measurement uncertainty for flame speeds, it cannot be stated with

any confidence that assuming Tig = 900 K is statistically more accurate than assum-

ing Tig = 2000 K. While there is no direct evidence experimentally that the ignition

temperature in the present aluminium flames is at or near 900 K, the fact that the dif-

fusive regime predictions show a greater than linear trend in flame speed versus initial

temperature, much like the experimental data, suggests that ignition temperatures

in dust flames may be considerably lower than previously expected, and warrants

further investigation.

Measuring the cloud ignition temperature is not yet feasible for stabilized metal

flames. The only experimental observations from this study that may plausibly have
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demonstrated an ignition temperature near or below 900 K in dense aluminum sus-

pensions were a series of high-temperature experiments where the wall temperature

of the heating tube exceed 600 K. At the onset of the dust dispersion process for each

dust flame experiment, a highly dense suspension of particles initially flows through

the apparatus, which may briefly enhance the self-heating of particles through the

heating tube. In these instances, instead of a stabilized flame, the dust flow auto-

ignited within the heating tube. Auto-ignition of the aluminum-air was observed

repeatedly for tube wall temperatures ranging from 600 K to 673 K, although such

low ignition temperatures are likely due to combined effects from agglomerates within

the flow and high particle concentrations. These observations are by no means con-

clusive but could suggest that reaction onset in dense clouds of particles could be

decoupled from chemical restrictions, such as melting temperature, and may other-

wise depend on other physical factors such as the particle density of the mixture. It

has only been observed in cases of nano-metric aluminum particles (< 10 nm) that

the melting temperature was below what is predicted at the micro-scale (Puri and

Yang, 2007), and therefore dependent on geometry rather than chemical properties.

The smallest H-2 aluminum particles from this work were measured in the range of

hundreds of nanometers, therefore size-dependent melting temperatures of H-2 alu-

minum particles are not expected, but the collective effect in dense clouds of particles

may still result in unique physical phenomena that have not been properly observed

experimentally.

The relatively good agreement between experimental measurements and diffusive

regime predictions only suggests that such low ignition temperatures in aluminium-

air flames are possible, but further experimental and modelling work are required to

better understand preheat effects in aluminum suspensions. Preheated aluminium-air

flames of larger particle size may also affect the ignition temperature and thus the

sensitivity of flame speed to initial temperature.
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4.3 Preheat effects: discrete flame theory

In contrast to modeling aluminum-air flames as comprised solely of continuous heat

sources, assuming the presence of discrete spatial and temporal heat sources may elu-

cidate different physical phenomena in the context of preheat effects in dust flames.

The sensitivity of aluminum-air flame speeds to preheat in the discrete regime, assum-

ing Tig = 2000 K, is shown in Fig. 4.3, and is directly compared with the continuous

model predictions. Like the continuous regime, the discrete regime model still consid-

ers the heat required for ignition of the particles as an influential factor in the preheat

effect, however for the sake of analysis, variable ignition temperatures are not consid-

ered in this section, instead focusing mainly on the influence of the discreteness of the

system. To model the discrete regime, the particle combustion time (tc) is modeled as

a δ-function, such that the characteristic heat diffusion time between particles is what

governs the rate of flame propagation, whereas in the continuous regime tc ≈ 0.5 ms,

which is the reported combustion time for H2 aluminum particles [61]. The sensi-
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Fig. 4.3: Comparison of sensitivity of experimental aluminum-air dust flame speed
on initial mixture temperature assuming discrete and continuous flame propagation
and Tig = 2000 K.
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tivity of flame speed on the mixture thermal diffusivity in discrete flames (SL ∝ α)

is greater than what is traditionally observed in continuous flames (S ∝
√
α) [50],

which strongly contributes to the large increase in flame speed at higher temperatures

predicted by the discrete model.

Figure 4.3 shows that the experimental results fall in between the continuous and

discrete predictions, which could be evidence that the preheat effect in aluminum-air

flames is partially influenced by discrete effects. In Fig. 4.2, the continuous theory

(diffusive-regime) predictions approached the experimental results for lower ignition

temperatures, implying that the role of the collective effect could partially explain

the preheat effect in aluminum-air flames. However, in Fig. 4.3, the ignition temper-

ature is fixed at 2000 K, thus neglecting the collective effect. This means that the

discreteness of the system, defined by the discreteness parameter τc = tcα/l2p, strongly

influences the flame speed sensitivity to preheating. To illustrate how the discrete-

ness of the system effects the flame speed sensitivity to preheat,and how the discrete

model eventually converges to the continuous model (for τc > 1), discrete model

predictions are plotted in Fig. 4.4 for discreteness parameters ranging from τc → 0

(tc → δ function) to τc = 4.60 (tc = 0.5 ms), where τc is represented as an average value

across all initial temperatures. Figure 4.4 thus shows that the aluminum-air flames

from this work may propagate in a regime comprised of both continuous and dis-

crete heat sources. It still remains unclear, however, why the flame speed dependence

on thermal diffusivity changes from
√
α to α when transitioning from continuous to

discrete. This question will need to be addressed in a future study.

The assumption of discrete flame propagation in the context of preheating poses

additional theoretical and physical questions that are beyond the scope of this the-

sis. A sensitivity analysis of the continuous and discrete flame models may reveal

underlying physical properties that could explain the increased sensitivity observed

in discrete flames. The main takeaway from this section then, is that consideration
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Fig. 4.4: Comparison of sensitivity of experimental aluminum-air dust flame speed
on initial mixture temperature for different discreteness parameters.

of discrete effects in dust flames is equally as valid as considering the collective effect

for purely continuous models. Consideration for discrete effects in stabilized laminar

dust flames is simply a logical progression in heterogeneous flame theory, and has

helped explain interesting physical phenomena in previous work involving stabilized

dust flames [7].

52



Chapter 5

Conclusion

This work has demonstrated the first systematic investigation of the effects of initial

temperature on flame speeds in aluminum-air flames. A novel dust flame burner was

designed and built, capable of preheating dust-suspensions to controllable tempera-

tures up to 524 K. Results showed that flame speeds in aluminum-air suspensions

are less sensitive to increasing initial temperature than gaseous flames. The presence

of refractory oxides during aluminum combustion has the effect of dampening the

sensitivity of the flame temperature and reaction rates to preheat.

In continuous heterogeneous flame theory, the flame speed is influenced by an

increase in the thermal diffusivity of the mixture and a decrease in the heat required

to reach the ignition point, which greatly depends on the collective effect in dense

suspensions. However, theoretical predictions for both kinetic and diffusive regimes

suggested that preheated aluminum-air flames exhibit similar dependencies to initial

temperature, regardless of the mode of particle combustion, given the experimental

uncertainties. In discrete theory, the flame speed sensitivity on heat diffusion is felt

much more strongly, and the flame propagation no longer depends on the combustion

time of the particles and instead is more strongly influenced by the rate of heat

diffusion between localized heat sources. Discrete model predictions showed that the
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aluminum-air flames may be partially discrete which may account for the observed

flame speed sensitivity to preheat.

The findings from this work will help to further advance the fundamental under-

standing of aluminum and metal combustion, and promote research in modeling of

both continuous and discrete heterogeneous flame theory. This initial study of pre-

heated heterogeneous laminar flames could eventually help promote better designs of

large scale dust combustion systems susceptible to preheat from radiation absorption

effects or heat recovery systems.

5.1 Future Work

Future studies would involve reevaluating current dust flame models and reconciling

the concept of ignition temperature in the diffusive regime and activation energy

asymptotic analysis used to describe reaction onset in kinetic theory. A flame front

may form in dust flames, irrespective of the mode of particle combustion, therefore a

more detailed mechanism of how a dust flame propagates is needed to reconcile flames

in both regimes of combustion. Preheat studies also should be performed for different

metals, such as iron. The lack of vapor-phase combustion in iron flames means that

the flame temperature may not be limited as in aluminum flames, which could lead

to higher sensitivities of flame speeds to preheat. Also, observed discrete effects in

stabilized iron flames [7] could provide further insight into the physical mechanisms in

discrete flames under the effects of preheat. The effects of hydrodynamic stretch have

also not been investigated for metal flames and may influence experimental flame

speed measurements, particularly at higher temperatures. It is also of interest to

find the minimum oxygen concentration required to sustain a dust flame at varying

degrees of preheat [61].
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