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Introduction

1. Introduction

Global energy demand keeps rising. In the World Energy Outlook of 2016, a 30% rise by 2040 is predicted [1].
At the same time, concerns about greenhouse gases keep increasing. Therefore, the demand for clean and
renewable energy sources is high. In the main scenario of the World Energy Outlook [1], nearly 60% of all
new energy sources is renewable by 2040. It is projected that half of this energy will come from solar and
wind energy. Herein lies the challenge, the production of both solar and wind energy are highly location and
time-dependent. Therefore, a renewable energy carrier is required. Bergthorson et al. [2] compiled a list of
requirements for such an energy carrier. These include but are not limited to:

• A high energy density to allow for easy transport and storage.
• Can be used in high power density applications.
• Can be safely transported.
• Can be stored with minimal loss.
• Most importantly, recyclable.

To date, a lot of research has been done on the use of batteries and hydrogen as an energy carrier. However,
neither provides comparable energy densities to fossil fuels. Batteries, due to the low temperature and
therefore slow reaction rate, have lower power densities than fossil fuels. Bergthorson et al. [3] proposed
metal fuels as an alternative energy carrier. Compared to batteries, hydrogen, and even hydrocarbons,
metal fuels have superior volumetric energy densities, as shown in Figure 1.1. In this figure, the empty
squares are metal fuels and the filled triangles’ fossil fuels. High (specific) density fuels are located in the top
right. Most metal fuels have a comparable energy density to fossil fuels, but slightly lower specific density.
Since most metal fuels oxidize energetically, they are viable in high power-density engines. Furthermore,
the combustion products of most metal fuels are stable and non-toxic. And finally, some metal fuels remain
below the boiling temperature during combustion. When cooled, these metal fuels become solid products
which can be captured. The captured metal oxides can be recycled and reused, forming a closed metal cycle,
as demonstrated in Figure 1.2.

In order to develop properly working, reliable and high power-density engines, a thorough understanding
of metal combustion is required. To this end, experiments have been performed to measure flame speeds
in clouds of metal particles dispersed in air [4–9]. While these experiments have aided in understanding
metal combustion, they have also raised new questions. As demonstrated by Julien et al. [9] the spread in
measured flame speeds is large, as depicted in Figure 1.3. In this figure measurement results of four different
setups are shown. On each of the setups, the flame speed is measured for a range of fuel-equivalence ratios,
φ. It can be observed that each of the setups predicts a different flame speed. The large scatter is mainly
caused by uncertainties involved in the different measurement setups. These uncertainties include, but not

Figure 1.1: Specific energy vs energy density of traditional hydrocarbons and non-traditional fuels
like metals, hydrogen, and batteries. Adopted from [3].
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Introduction

Figure 1.2: Closed metal cycle as envisioned by Bergthorson et al. [3].

exclusively, the effect of flame stretch and curvature, radiative heat transfer, and incomplete combustion. A
similar challenge was encountered in the early 1960’s in premixed gas flames. Differences in experimentally
measured flame speeds were observed [10]. Only because of an increased understanding of the aforementioned
effects via models and experiments, results converged in recent years, as seen in Figure 1.4. Therefore, the
development of models is just as important as experiments. These models can be used to obtain more insight
into the experimental results and thereby aid in reducing the spread in results.

In the past, several models have been developed for the modeling of metal flames, for example [11–15].
Though the models produce more consistent results, to the author’s knowledge, none is able to predict all
phenomena observed in experiments. Most models significantly simplify the problem in order to obtain
analytical solutions. While these relations are good for understanding the underlying physics, they are
only able to qualitatively predict metal flames. More detailed models are required to obtain quantitatively
accurate results.

The models from Goroshin et al. [11] assume a continuous description of the particles. With several assump-
tions, analytical expresions are obtained for flame speeds in fuel-lean and fuel-rich conditions. It is assumed
all that in the particles in the dispersed phase can be described by a single representative particle. However,
in Goroshin et al. [12] an extension was made to the lean model to include binary sized particles. In the
fuel-lean model, no equation for oxygen is solved and only an energy equation is considered. No reactions
are present in the preheat zone of the flame. Furthermore, all energy is released in a pulse-like function
at a rate equal to the average combustion rate of a single particle. Because it is assumed that the oxygen
concentration remains constant, the solution is only considered valid for φ < 0.5. In contrast, the fuel-rich
model does solve an equation of oxygen and energy. However, it is assumed that the metal particle remains
at a constant size. Furthermore, the depletion of oxygen is rate limiting for the combustion rate of the
particle. An alytical solutions is obtained for this model, but is only considered valid for φ > 1.0.

Most models assume the source due to the dispersed phase to be a continuous function in space. However,
Goroshin et al. [13] argue the spacing between particles to be too large, for such an assumption. In this
model a discrete approach is used, where particles are represented by point-like sources. Only an equation
for energy is solved and the particles are assumed to either react at a fixed rate, above ignition temperature
or not react at all. Simulations are performed in a fuel-lean mixture, where the inter-particle spacing is large.
These results are compared with experimental results in helium and xenon. It is shown that the discrete
approach works better than a continuous method when particle spacing is large and thermal conductivity is
low. The model from Soo et al. [14,15] also assume a continuous description for exchange between particles
and gas. Soo et al. start with the develop of a particle model. The particle model can be used to simulate
the combustion of a single particle. The reaction rate, is described by a surface reaction which may be
limited by the rate of oxygen diffusion. During combustion, the particle disappears and energy is released
in a shrinking particle. The particle model is then extended with a gas phase model. Using the coupled gas
and particle system, transient simulations are performed to study flame propagation.
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Figure 1.3: Laminar flame speed of aluminum dust flames as a function of equivalence ratio, φ,
using different measurement techniques. Adopted from [9].

Figure 1.4: Evolution of measured laminar flame speeds in methane-air mixtures. Reprinted
from [10].

To improve on the modeling of metal flames, we will develop a numerical model with fewer simplifications.
This is achieved by employing an Eulerian-Lagrangian method and using temperature dependent transport
properties. The combustion of a single particle is modeled using a set of ordinary differential equations in
a Lagrangian framework, while the gas phase uses an Eulerian description. The gas phase model will be
provided by CHEM1D [16]. The particle model and the coupling will be part of this report. The coupling,
between particles and gas, presented in this report will use a method similar to Filho et al. [17]. CHEM1D
solves a full set of equations including gas-phase kinetics. Therefore, this method allows for future research
of gas-solid fuel flame or NOx emissions.

Combustion of individual metal particles is studied first in Chapter 2. A new particle model is introduced
that accounts for the growth of the particle during oxidation, which is the main difference between Soo
et al. [15] and this work. In Chapter 3, the coupling between the gas and particles is explained. Using
the coupled model, simulations of laminar unstretched flames are performed. These flames are thoroughly
analyzed and compared to existing results. In the development of the particle model, several assumptions
are made. The influence of these assumptions is the topic of Chapter 4. Variations of assumptions are tested
and compared with the model introduced in Chapters 2 and 3, indicating the influence of assumptions. The
final chapter will be dedicated to conclusions and an outlook on future research.
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Combustion of individual particles

2. Combustion of individual particles
Dispersed fuels can combust in different regimes depending on their thermophysical properties. Liquid
hydrocarbon fuels, for instance, have a low volatilization temperature. Therefore, these fuels become volatile
in the preheat zone and premix with the oxidizing gas. In the combustion zone of the flame, a gas phase
(homogeneous) reaction takes place. However, the combustion of metal fuels is considered heterogeneous.
This implies that metals do not become volatile in the preheat zone and the reaction is at, or close to, the
surface of the metal particles. Furthermore, oxygen is consumed from the gas phase and absorbed into the
metal particles. In general, metal fuels combust at the particle surface, when the boiling temperature of
both metal and metal oxide is below the peak particle temperature. When only the boiling point of the
metal is below the peak particle temperature they react in a halo around the particle [3]. Bergthorson et
al. [2] describe this as micro-flames within the flame. They indicate the necessity of modeling both the
micro-flames (reaction at the particle) and the large flame (gas phase heat transport).

The goal of this research is to do exactly that. In Figure 2.1 an impression of this is presented. The flame
propagates at a velocity sL to the left. Gas and dispersed metal particles are injected at vg = vp = −sL

into a computational domain, such that a stationary flame front is maintained. The gas is described using
an Eulerian method, which will be discussed later in the report. The particles are modeled in a Lagrangian
framework. This particle model is the main focus of this chapter. The particle model is used to describe the
combustion of a single particle. This includes effects like reaction with oxygen, chemical heat release and
heat loss to the environment. In the second part of this chapter, simulations are performed with the particle
model in order to study ignition temperature and burnout times.

2.1 Particle model

A particle model will be introduced. The goal of this model is to describe mass and energy transfer between
gas and particle. To accurately model the mass transfer rate, the diffusion of oxygen outside the film layer

Particle model

Stationary
flam

e
front
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vg
vp

Tp, dp
ρp

Tg
YO2

ρg

ḣ

Energy
transfer

vp, sp
Particle tracking

ṁ

Mass
tra
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Figure 2.1: Impression of the one-dimensional computational domain, with the coupled continuous
and dispersed system.
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2.1 Particle model Combustion of individual particles

I

II

III

IV

MxOy I. Diffusion of O2 to the particle.
II. Adsorption of O2 on the particle surface.
III. Diffusion of O in the particle.
IV. Reaction front: Mx + Oy −−−→MxOy on interface.

M

Figure 2.2: Impression of the mass transfer in the particle model, based on Sun et al. [5]. M
indicates metal and MxOy indicates metal-oxide.

of the particle to the particle and the reaction rate at the particle surface should both be considered. Soo
et al. [14] define such a particle model, by assuming a one-step surface reaction. Combined with the model
from Sun et al. [5], for which an impression is shown in Figure 2.2 a new particle model is defined. Sun et
al. distinguishe several elementary mass transfer processes:

I Transport of O2 from a distance of the particle, at a partial density of ρO2,g. To the particle surface,
with a partial density of, ρO2,s.

II Dissociative adsorption of oxygen.
• Dissociation of O2 in two atoms of O.
• Adsorption of O into at empty sites on the surface of the particle.

III Diffusion of O in liquid metal-oxide to the unreacted metal core.
IV Reaction of excess O in the metal-oxide with unreacted metal.

Sun et al. assume that step III and IV are very fast. As a result, only steps I and II require consideration.
Step I will be discussed in the next section and step II will be modeled via the closure equations. During
the reaction of metal with oxygen, a lot of energy is released. Due to this release of energy, the particle
temperature increases. Therefore, the transport of energy to and from the gas is important. A model to
describe this process will also be discussed. Third, a set of equations is provided to closure for the system
of equations. And finally, assumptions made are assessed.

2.1.1 Mass transfer equations

In this section, the particle model from Soo et al [14], will be presented. The elementary steps described in
Sun et al. [4] are not yet considered. These steps will be accounted for in the closure of the model. For now, it
is assumed that the conversion from metal to metal oxide can be described by a single-step, surface reaction.
The reaction rate of this surface reaction is modeled by an Arrhenius type expression. Furthermore, it is
assumed that reactions only occur at the particle surface. Therefore, the oxidizer needs to diffuse from the
surrounding gas to the particle surface. Either diffusion or surface reaction will be the rate limiting step.
Therefore, an expression similar to the one found by Soo et al. [14] will be used to account for both reaction
and diffusion. The surface rate is described by an Arrhenius rate

kr = k0 exp

( −Ea
RuTp

)
(2.1)

In this equation, k0 is the pre-exponential coefficient of the reaction rate, Ea is the activation energy, and
Ru is the universal gas constant. Since the Biot number of a spherical metal particle is in the order of
Bi = 10−3 [18], a uniform temperature, Tp, is assumed.

Because the adiabatic flame temperature for metal flames is less than the boiling temperature of the metal-
oxides [3,18,19], it is assumed that the product remains at the particle and does not evaporate into the gas.
Using Eq. (2.1), the mass growth rate of a single particle is described by

dmp

dt
= ArkrρO2,s (2.2)

Here, mp is the particle mass, Ar is the effective reactive area of the particle surface and ρO2,s is the mass
density of oxygen at the particle surface. The density of oxygen, ρO2,s, is determined by the balance of
diffusion and reaction. Therefore, an equation is required to provide ρO2, s. In Soo et al. [14], it is assumed
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2.1 Particle model Combustion of individual particles

that the gas boundary layer around the particle adapts itself infinitely fast to the reaction rate. This implies
that the rate of reaction is equal to the rate of diffusion and therfore

Adkd (ρO2,g − ρO2,s) = ArρO2,skr (2.3)

The left-hand side is the diffusion of oxygen to the particle surface. Ad is the diffusive surface area and
ρO2,g is the density of oxygen outside the particle film layer. For a sphere, the mass-transfer coefficient, kd
is provided by

kd =
ShDO2,f

2rp
(2.4)

In this equation, Sh is the dimensionless Sherwood number, DO2,f is the diffusion coefficient of O2 in the
film layer, and rp is the radius of the particle. If the particle does not move relative to the gas and there is
no Stefan flow Sh = 2 [20]. Eq. 2.3 implies that ρO2,s can be written in terms of ρO2,g

ρO2,s = ρO2,g
Adkd

Arkr +Adkd
(2.5)

Finally, the mass growth of the particle, accounting for both reaction and diffusion, is thus

dmp

dt
= ρO2,gAdkdDa∗ (2.6)

with

Da∗ =
Arkr

Arkr +Adkd
(2.7)

In this equation Da∗, is the normalized Damköhler number, [14]. It is close to zero when the reaction is
kinetically limited and it approaches one for the diffusive limit. Meaning, Da∗ ≈ 0 if Arkr � Adkd and
Da∗ ≈ 1 if Arkr � Adkd. The model derived here is almost identical to the model from Soo et al. [14],
except that the particle in this model is consuming mass from the gas phase (growing). As a result, effective
reactive and diffusive areas are included.

2.1.2 Energy transfer equations

In order to describe the temperature of a particle, an energy equation is solved. The energy flux to the
particle consists of two parts, [14]: I) conductive heat flux, driven by a temperature difference, and II)
enthalpy exchange due to the mass transfer of oxygen. The conductive heat transfer, Qc, is given by

Qc = kcAp(Tp − Tg) (2.8)

with

kc =
Nuλf
2rp

(2.9)

In these equations, kc is the heat-transfer coefficient, and Ap is the particle surface area. Finally, Tg is
the gas temperature, outside the particle film layer. The heat-transfer coefficient can be estimated via the
Nusselt number, Nu, with the thermal conductivity in the film layer λf . If it is assumed that the particle is
not moving with respect to the gas and there is no Stefan flow, Nu = 2 [20]. The exchange of enthalpy due
to the mass transfer, Qm, is given by:

Qm = hO2

dmp

dt
(2.10)

In this equation, hO2
is the mass-specific enthalpy of (the absorbed) oxygen. Combining these two contri-

butions the change of the enthalpy of the particle is given by:

dHp

dt
= Qc +Qm = kcAp(Tp − Tg) +

dmp

dt
hO2

(2.11)

And finally, Hp is the enthalpy of the particle. As a first step, heat loss due to radiation has been neglected.
However, for solid particles and a temperature above 2000 K, this is probably a significant contribution to

8



2.1 Particle model Combustion of individual particles

the heat loss.

2.1.3 Closure

In order to obtain a closed set of equations, several unknowns need to be calculated. First of all, the rate of
change of unburned mass (metal) is calculated using

dmp,u

dt
= −1

S

dmp

dt
(2.12)

In this equation S is the stoichiometric ratio in kilogram oxygen per kilogram metal and dmp

dt is provided by
Eq. (2.6).

Next, the temperature of the particle needs to be determined from the enthalpy. Three different ways
have been hypothesized: Assuming constant heat capacity, assuming constant heat capacity with a phase
transition, or use a thermal lookup table from a chemical equilibrium solver [21]. As a first step, a constant
heat capacity model is used, the others are discussed in Chapter 4. In this model, the particle temperature
is expressed as

Tp = Tref +
∆hcYb + hp

Cp
(2.13)

with

Yb = 1− mp,u

mp
(2.14a)

hp =
Hp

mp
(2.14b)

In these equations, Tref is the reference temperature for the enthalpy, ∆hc is the combustion enthalpy, Yb is
the burned fraction, hp is the particle mass-specific enthalpy, and Cp the particle heat capacity.

While the change of particle mass can be computed via Eq. (2.6), an equation for the particle radius is not
yet provided. First, the particle volume can be computed via the mass of metal and metal oxide, and the
density of metal and metal oxide.

Vp = Vu + Vb =
mu,p

ρu,p
+
mb,p

ρb,p
(2.15)

In this equation, Vu is the unburned volume, Vb is the burned volume, ρu,p is the unburned particle density,
the density of the metal, and ρp,b is the burned particle density, metal-oxide density. If a perfect sphere is
assumed, the particle radius is thus:

dp =

(
6

π
Vp

) 1
3

(2.16)

Finally, the effective diffusive and reactive surface area from Eq. (2.6) need to be related to the particle radius
and burned fraction. This is where the elementary steps of Sun et al. [5] are included in the model. The
slowest elementary step is the dissociative adsorption of oxygen into the particle, step two in Figure 2.2. Just
like the model above, Sun et al. also describe this process using an Arrhenius type expression, comparable
to Eq. (2.1). From this, effective and reactive areas can be defined. If spherical particles are assumed, the
effective diffusive surface area is provided by

Ad = Ap = πd2
p (2.17)

In the model from Sun et al. [5], it is assumed that all other steps are significantly faster than step two.
A similar assumption will be made here, with a slight modification. It is assumed that the empty sites on
the surface reduce as the particle combusts. This process is assumed to be proportional to the combusted
fraction of the particle. Therefore, the reactive surface area is

Ar = (1− Yb)Ap = π(1− Yb)d2
p (2.18)

The term 1− Yb is the fraction of empty sites at the particle surface. This term is also a requirement since

9



2.2 Simulation of single particles Combustion of individual particles

the combustion rate is zero when there is no metal left.

Equations (2.6), (2.11), and (2.12) are integrated using an adaptive Runge Kutta method. This method
uses, Verner’s 5’th and 6’th order pair to adaptively chose appropriate time steps [22,23] while maintaining
high accuracy, based on the dverk Netlib implementation [24]. The accuracy of this method is required in
the later sections of this report when the coupling between particles and gas is implemented.

2.1.4 Assessment of assumptions

In the particle model described above, it was assumed that all transport phenomena can be described by
continuum equations. This is only valid if the particle is sufficiently large and the gas cold. Sundaram, Puri
and Yang [18] show, in their general theory of aluminum combustion, that particles with a diameter less than
70 µm, should consider the effects of free molecular diffusion. Which means that the particle is approximately
100 times larger than the mean free path of molecules in the air at 3000 K. In this report, it is assumed that
particles with a diameter of 5 µm can still be represented with continuum equations, though Kn ≈ 1/5 at
the same conditions. While an extension of this model into the free molecular regime is definitely feasible,
it is outside the scope of this research and report.

It is also assumed that the particle was stationary with respect to the flow. In the simulations which will
be presented in the next section, this is the case. However, for stationary flames, which will be discussed
later in the report, a momentum equation is solved. Meaning that the particles are no longer stationary
with respect to the flow. This could be solved with appropriate Sh and Nu correlations. However, this is
outside the scope of this report and here it will be shown that the error made is not too large. If unity Lewis
number is assumed Sh = Nu, and a correlation for Nu is sufficient. An example of such a correlation is the
Ranz-Marshall correlation [25,26]

Nu = 2 + 0.6Re
1
2 Pr

1
3 (2.19)

In this equation, Pr is the dimensionless Prandtl number, the ratio of viscous diffusion to thermal diffusion.
To justify the Sh = Nu = 2 assumption, literature flame speeds will be taken and an absolute maximum slip
velocity will be assumed. If an unburned gas speed from literature is taken, Tang et al. [6], SL = 56 cm/s
for an particle diameter of dp = 3.3 µm. Then it is assumed that the adiabatic flame temperature of iron
is 2200 K, with an initial temperature 300 K. From continuity and the ideal gas law, it then follows that
the burned flame velocity must be Sb = 410 cm/s. Assuming this is an instantaneous jump in velocity, the
particle slip velocity may have a peak value of 3.54 m/s. Using this worst-case assessment, the Reynolds
number would be 0.745 and Sh = Nu = 2.78. In future work inclusion of an empirical relation for Sh and
Nu can be considered.

2.2 Simulation of single particles

Using the model of the previous section it is possible to simulate single particles in (hot) gas. Since there is no
bi-directional interaction between gas and particles only a fixed gas temperature, pressure, and composition
is used. This can be compared with experiments using a very low dispersed concentration, like single particle
drop tube experiments, or the experiments from Wright et al. [27].

However, this simple flow configuration does not make these simulations any less interesting. When a cold
particle is released in a hot gas, the particle will heat up. If the gas temperature is sufficiently high, the
particle will ignite. After ignition, the combustion rate quickly becomes diffusion limited, with a well-defined
combustion duration. With the simple interaction of the previous section, exactly these two processes can be
analyzed thoroughly. Analytical relations can be derived for the minimum temperature required for ignition.
Of course, these will be explained with the result obtained here. Furthermore, most of the combustion takes
place in the diffusion limited regime. There, an analytical equation can also be derived for this process.

All simulations in this report are conducted with the parameters from Table 2.1 unless stated otherwise.
These parameters are based on iron and its reaction to iron(II)oxide. The stoichiometric coefficient, S, is
based on FeO. It is assumed that FeO does not react further to higher oxides like Fe3O4 or even Fe2O3.
The heat release of combustion is determined such that the adiabatic flame temperature of a stoichiometric
mixture is 2200 K, comparable to iron. Furthermore, the heat capacity is taken from pure iron at a temper-
ature of 800 K. To the author’s knowledge the kinetic parameters k0 and Ea/Ru, have not been measured
yet. These kinetic parameters have been chosen to give an ignition temperature of around 800 K [7]. In the
final chapter of this report, the sensitivity of the model to these parameters is analyzed.
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Table 2.1: Default simulation parameters

Variable Value unit

Cp 0.667 J/(g K)

∆hc 2921 J/g

k0 75.0× 107 cm/s

Ea/Ru 14.4× 103 K

S 0.27 −
ρu 7.874 g/cm3

ρb 5.745 g/cm3

Pg 1.0 bar
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Figure 2.3: Particles with a diameter of 10 µm released in a hot airflow of air. In the left graph,
the marked point is the maximum temperature. In the graphs to the right, the marked point is
the inflection point of particle temperature.

2.2.1 Ignition of metals

A single particle is released in hot gas. The temperature profiles of these simulations are shown in Fig-
ure 2.3 and a minimal gas temperature required for ignition is found: the auto-ignition temperature. In the
second part of this section, the particle size and environment conditions are changed and the auto-ignition
temperature is found to be sensitive to these parameters.

A Temperature profiles of ignition
First, a cold particle, with an initial diameter of 10 µm, is released in hot gas. The gas temperature is
varied from 700 K to 1000 K. In the results it is observed that three different regimes can be identified,
these regimes have been depicted in Figure 2.3. When the gas temperature is 800 K, the particle heats up
to the gas temperature and a kinetically limited reaction occurs. From the top graph, it can be confirmed
that the reaction is kinetically limited, a normalized Damköhler number close to zero indicates reaction
rate limited [14]. Still, the reaction rate is sufficient such that the particle temperature exceeds the gas
temperature. However, the heat loss rate to the gas remains higher than the production of heat due to the
reaction. As a result, the particle does not ignite and slowly combusts in the kinetic regime. At about 8 ms
a peak temperature is reached, and the particle (very) slowly cools down to gas temperature. Realize, a
small fraction of the metal has been consumed, reducing the reaction rate.

In the second graph, the simulation for a gas temperature of 825 K is shown. The particle temperature profile
is no longer limited to just above the gas temperature. First, the particle heats up to the gas temperature.
Just as before, the particle heats up to just above the gas temperature. At the marked point, the heat
release due to reactions is greater than the heat loss to the environment. Therefore, a runaway reaction
occurs, ignition, and the particle temperature becomes significantly higher than the gas temperature. From
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Figure 2.4: Particle ignition temperature and peak particle temperature for particles released in
hot air with different temperatures.

the top graph, it can be seen that the reaction quickly turns into a diffusion limited reaction, Arkr � Adkd.
The point at which chemical heat release greater than heat loss, coincides with the inflection point in the
temperature profile. Since the inflection point indicates the transition from a controlled reaction to runaway
combustion, it will from now on be referred to as particle ignition. And the particle temperature at which this
occurs is the particle ignition temperature, Tign,p. Because the gas temperature is barely sufficient to ignite
the particle, particle ignition temperature is above the gas temperature, Tign,p > Tg. The heat release rate
of reaction is barely greater than the heat loss via conduction, therefore the temperature initially increases
slowly. Meaning, there is a significant delay between ignition and a rapid increase in temperature.

Finally, the gas temperature is increased to 1000 K. The inflection point in temperature is also marked. While
at a gas temperature of 825 K the ignition was above the gas temperature, here it is not. It is the point at
which the particle is predominantly heated via chemical heat release, instead of heat transfer. Therefore, it
can still be considered as the point of particle ignition. Since ignition occurs below the gas temperature, the
kinetic runaway is faster and the delay to peak particle temperature after ignition is short.

As a more general analysis, the peak particle temperature, Tmax,p, and the particle ignition temperature
Tign,p could be recorded. This is done in the temperature range of 700 K to 1000 K, depicted in Figure 2.4.
Below a gas temperature of 825 K the particle does not ignite. Still, the peak particle temperature is above
the gas temperature. Increasing temperature beyond 824 K, results in the ignition of the particle. Therefore,
a gas temperature of 825 K is called the auto-ignition temperature, Tign,g [19].

An interesting behavior can be observed for Tign,p. First, it is not defined below the auto-ignition tempera-
ture. But, it is greatest when Tg = Tign,g. However, for Tg > Tign,g the particle ignition temperature, Tign,p

decreases. But, after a small decrease, it remains almost constant, above Tg = 850 K. The difference between
the auto-ignition temperature and the plateau in particle temperature at ignition is interesting.

B Gas auto-ignition temperature
As observed in Figure 2.4 there is a minimum gas temperature at which a particle will ignite. An initial
particle diameter of 10µm and air at standard conditions was used. However, changing these parameters
will result in a different auto-ignition temperature. To this end, simulations are performed with different
initial particle diameters and three different O2 mass fractions, depicted in Figure 2.5. In this figure, the
auto-ignition temperature is shown for particles between 5µm and 100µm and an O2 mass fraction of
YO2

= 0.10, YO2
= 0.21, and YO2

= 0.30. The results obtained here show similar trends to those found in the
literature [14,28]. It can be seen that the auto-ignition temperature is high for small particles and decreases
for larger particles. This can easily be explained.

Due to the exponential sensitivity of the surface reaction rate to temperature, ignition can be seen as a
switch from kinetic to diffusion limited reaction [14,28]. This can also be seen in the normalized Damköhler
graphs of Figure 2.3. Based on these graphs, it can be assumed that the particle is still in the kinetic
regime at ignition, Da∗ ≈ 0. The concentration of oxygen at the particle surface is therefore equal to the
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Figure 2.5: Auto-ignition temperature for different particles sizes, released in airflows with differ-
ent O2 mass fractions.

bulk concentration. The reaction rate of the particle is thus described by Eq. (2.2). This rate has a r2
p

dependency. Therefore, the chemical heat production must also have a r2
p dependency. Because of the

slow reaction at ignition, the energy equation is dominated by conductive heat loss, Qc. Filling in the heat
transfer coefficient, it can be seen that the heat loss has a rp dependency. Dividing both by the particle
surface area, the heat production per unit area does not depend on particle size, while the heat transfer
per unit area is inversely proportional to the particle radius. Therefore, it is expected to observe an 1/rp
trend. However, the reaction rate and therefore Tign,g is also (exponentially) dependent on temperature
itself. Therefore, the curve of Tign,g is not an exact 1/rp curve. It can also be seen that oxygen concentration
has a strong influence on the auto-ignition temperature. This is expected since the surface density of oxygen
at the particle is almost equal to the oxygen density in the gas. Therefore, the reaction rate reduces linearly
at a constant temperature. Again, because of the exponential dependence of the reaction rate on particle
temperature, no truly linear dependency on oxygen mass fraction is observed.

To verify our implementation of the particle model and investigate the influence of oxygen concentration,
a comparison with an analytical solution is made. Goroshin et al. [11] provide an equation to relate the
auto-ignition temperature at two oxygen concentrations:

(
Tign,g

T
′
ign,g

)2

exp

(
Ea

RuTign,g
− Ea
RuT

′
ign,g

)
=
ρO2,g

ρ
′
O2,g

(2.20)

Rewriting using the transformation
(
Tign,g/T

′
ign,g

)2

≈ e2 exp(−2T
′
ign,g/Tign,g) [11] gives

Tign,g =
2T
′
ign,g − Ea

Ru

2− Ea

RuT
′
ign,g

− ln

(
ρO2,g

ρ
′
O2,g

) (2.21)

All variables with superscript
′
are at reference conditions with a known auto-ignition temperature. Sim-

ulations for a range of oxygen mass fractions have been performed. The ignition temperature and oxygen
concentration at an oxygen mass fraction of YO2

= 0.1 are taken as a reference. The reference values are used
in Eq. (2.21). Combined with the kinetic parameters from Table 2.1, they provide an analytical solution. In
Figure 2.6 a comparison is made between the analytical solution and the numerical solution. Tign,g for the
analytical solution and the numerical results are equal at YO2

= 0.1, since the reference value was taken here.
But, for increasing oxygen mass fraction the analytical solution and the numerical solution start to deviate.
This can readily be explained. Eq. (2.6) assumes the reaction rate is zero at ignition. Therefore, Da∗ = 0
and thus ρO2,g = ρO2,s. However, in reality, there is a reaction and ρO2,s = ρO2,g(1−Da∗). The top graph
shows Da∗ of the simulations at the point of ignition. It can be seen that ρO2,s is indeed close to ρO2,g for a
high oxygen mass fraction, which is because the ignition temperature is lower for high oxygen mass fraction.
This causes a lower reaction rate. Therefore, the normalized Damköhler number is closer to zero, and by
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Figure 2.6: Top graph: shows the normalized Damköhler of the simulations at the ignition point.
Bottom graph: Auto-ignition temperature from simulations and analytical solution by Goroshin
et al. [11], reference case at YO2=0.10.

definition ρO2,s is closer to ρO2,g. Thus, the assumption of Da∗ = 0 at ignition is not exact, especially for
low YO2

. Since we decided that YO2
= 0.1 is the reference condition, where this assumption is least valid,

the analytical solution predicts higher auto-ignition temperatures than the numerical results. Even if the
equation where to be corrected with the normalized Damköhler, differences would still exist. The remaining
differences are due to changes in transport properties. These are assumed constant in the analytical solution
but not in the simulations, but a function of T and Yi.

It can be concluded that the overall ignition behavior observed in our model is similar to the results from the
literature. By assuming that the inflection of temperature is a good indicator particle ignition, we learned
that Tign,g cannot be considered equal to Tign,p. Furthermore, Tign,p is always greater than Tign,g. Since an
analytical solution for Tign,g is available in the literature, Tign,g is compared to literature and shown sensitive
to particle size and oxygen density. The same analysis could have been performed for Tign,p and similar
dependencies would have been found. Furthermore, the results of Figure 2.6 show the importance of using
a diffusion-reaction equation. Not accounting for the diffusion rate results in a too low ignition temperature
in oxygen deficient conditions.

2.2.2 Combustion duration of metals

Because of the temperature sensitive and fast chemistry involved. A particle quickly heats up after ignition.
Therefore, combustion rate quickly become diffusion limited, see Figure 2.3. Since the reaction rate is
diffusion limited, the burn duration is only weakly sensitive to the gas temperature. As such, the burn
duration is considered a characteristic parameter. To understand the burn duration, the same simulations as
above have been used. In this report, particle ignition is considered the start of combustion and Yb = 0.99 is
the end of combustion. Therefore, the burn duration is the time between these events, depicted in Figure 2.7.
The particle ignites at the inflection point of temperature. A diffusion-limited reaction rate is obtained, and
the burned mass fraction increases fast. Peak temperature is reached and the particle is fully combusted,
Yb = 0.99. The ignition delay for this particle is still half of the burn duration. Just after 1 ms diffusion
limited combustion is established. Assuming, diffusion limited combustion an analytical relation is derived
for the combustion duration. This analytical solution is compared with the classical d2-law, numerical and
experimental results.

A Analytical model for burn time
For evaporating droplets, the classical d2-law is derived as an analytical solution of the burn duration [29].
Here, a derivation similar to the d2-law will be employed to obtain an analytical solution for the burn
duration of a metal particle. There are two important distinctions between the derivation presented here
and that of the classical d2-law. I) Our particle has an increasing radius instead of a decreasing radius. II)
Furthermore, the density of unburned metal and burned metal oxide is different. In the newly presented
derivation, both of these will be accounted for. The result is still a d2 type relation.
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Figure 2.7: Combustion profile of a 10 µm particle released in air at 1000 K. The two marked
points indicate start of ignition end end of ignition.

Just like in the classical derivation. Gas phase properties are assumed constant, and the reaction is diffusion
limited, eg. Da∗ = 1. Thus, Equation (2.6) simplifies to

dmp

dt
= ρO2,gkdAd (2.22)

Replacing mp by 4
3πr

3
p ρp and filling in the known relations for kd and Ad.

d

dt

(
4

3
πr3
p ρp

)
= 4πrp ρO2,g DO2,f (2.23)

In this equation, ρp is the instantaneous particle density. Since no assumptions are being made for the
density, a relation between particle radius and density is required. The derivation of the density function is
presented in Appendix A, here only the result is shown:

ρp = ρ1 +

(
rp,0
rp

)3

ρ2 (2.24)

with

ρ1 =
ρb

1 + S−1 (1− τ−1)
(2.25)

ρ2 =
(1 + S) (ρu − ρb)
1 + S−1 (1− τ−1)

(2.26)

Here, a new variable is introduced τ , the expansion coefficient. It is defined as τ = ρu/ρb, and rp,0 is the
intial particle radius. Filling ρp back into Equation (2.23) and rearranging, results in

d

dt

(
r3
p ρ1 + r3

p,0 ρ2) = 3rp DO2,f ρO2,g (2.27)

It is important to realize that the term r3
p,0 ρ2 is constant in time and the derivative is thus zero. If the chain

rule is applied, just as in the classical d2-law derivation, we find

dr2
p

dt
= 2DO2,f

ρO2,g

ρ1
(2.28)

Integrating this equation from the initial radius to some final radius, rp,end:]

r2
p,end = r2

p,0 +Ktb (2.29)
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with

K = 2 DO2,f
ρO2,g

ρ1
(2.30)

In this equation, K is the rate constant of the d2-law and tb is the burn duration of a single particle. Since
our model assumes that the particle is changing size in time, an expression for the final particle radius is
required. First, the final particle mass is defined in terms of the initial particle mass, mp,0, via

mp,end = (1 + S)mp,0 (2.31)

The final particle radius can then be computed by replacing the masses by particle volume and density

r2
p,end = r2

p,0 [(1 + S) τ ]
2/3 (2.32)

We define a new rate constant, the effective rate constant Keff . This new rate constant includes the effect
of size change and is provided by

Keff = 2DO2,f
ρgYO2,g

Sρu

(1 + S) τ − 1

[(1 + S) τ ]
2/3 − 1

(2.33)

Therefore, Eq. (2.29) can be rewritten to

r2
p,0 −Kefftb = 0 (2.34)

Which has the same form as the classical d2-law, and the burn duration can be obtained via

tb =
r2
p,0

Keff
(2.35)

Two unique properties can be identified. To recover the classical d2-law the density of the product needs to
approach infinity. As a result, τ approaches zero. Meaning, that the last term Keff becomes equal to one,
and Keff is

Keff = 2DO2,f
ρgYO2,g

Sρu
τ → 0 (2.36)

It is the same result as would have been obtained in the classical derivation. Therefore, only the last term
is a new addition to the d2-law. Careful analysis reveals it is the ratio of relative volume change to surface
change.

When the final particle diameter is equal to the initial particle diameter, direct computation is not possible,
but a limit can be taken

τ → 1

S + 1
(2.37)

Substituting theis back in Eq. 2.33 and applying L’Hôpital’s rule, provides the solution

Keff = 3DO2,f
ρgYO2,g

Sρu
τ → 1

S + 1
(2.38)

Solutions are provided for the general case, the shrinking particle case (classical d2-law) and a constant size
solution.

B Numerical results burn duration
Wright et al. [27] conducted experiments with iron particles released in a gas mixture of 21% oxygen and
79% argon. In the experiments, a fixed gas temperature of 1000 K was used. Furthermore, particles have
been sieved several times to obtain a narrow particle size distribution. The particles were released one
at a time into the hot gas, moving at 4 m s. Combustion did not end with gradual burn-out but with an
explosion. Wright et al. measured the time between particle release and explosion. If the model is correct,
it is expected that a d2 behavior is observed. This experiment has been replicated with simulations. It
is assumed that the test chamber is not pressurized, and the particle slip velocity is neglected. Solutions
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Figure 2.8: Combustion duration in a 21% O2 and 79% Ar mixture, T = 1000 K. With experi-
mental results adapted from Wright et al. [27]. The error bars in the experimental results have
the size of one standard deviation.

are also obtained for the new d2-law and the classical d2-law. In these the diffusion coefficient is unknown.
Which, is taken as the average value from the simulations, DO2,f = 8.3 cm2/s. Results of the simulation,
the models and the experiments are shown in Figure 2.8. The results from Wright et al. have the shortest
combustion duration, the analytical solution predicts closest to the experiments. Our numerical simulations
show a slight deviation from the analytical solution. This is because of the delay also observed in Figure 2.7.
Lastly, the classical d2-law predicts a burn duration about a factor two larger than observed in experiments.
A longer combustion duration for the d2-law is to be expected, during combustion the diffusive surface area
reduces and therefore the reaction rate. In contrast, our new derivation has an increased surface area. Thus,
increasing the rate of reaction.

Differences between the experimental results and the numerical model presented can reasonably be explained.
The time until the explosion is measured and it is unlikely that the particle has fully combusted. As a result,
the measured duration is shorter than a fully combusted particle. This is also pointed out by Wright et
al. [27]. Furthermore, in the numerical model, it is assumed that the particle is stationary with respect to
the gas. Therefore, the Sherwood number is known and equal to two. However, in the experiments, particles
are released stationary in a gas moving at 4 m/s. Initially, the slip velocity between the particle and gas is
high, but the particle will accelerate. Therefore, Sh > 2 during part of the combustion and the combustion
duration is likely shorter. Stefan flow has also been neglected in the model. However, at high reaction rates
in oxygen-rich conditions, the Stefan is the largest. If it where to be included the combustion duration would
also reduce. For particles with a slip velocity, the Sherwood number is greater than two. Because of this,
the computed diffusion rate is most likely lower than that at experimental conditions.

Most importantly, the new d2-law has a better agreement with experiments than the classical d2-law. The
classical d2-law is often assumed in the combustion of metal [11, 14, 15, 27]. However, uncertainties in the
measured burn times should still be considered. In future research, a wider range of particle sizes should be
tested to confirm the tb ∝ d2 result found. But also, the influence of the explosion should be researched.

Based on the result of Figure 2.7. There is an interest in the dependence of burn duration on gas temper-
ature. To do this, a fixed particle diameter, 10 µm, is used in normal air at different temperatures. The
simulation is compared with the new d2-law, for which the average diffusion coefficient is used. For several
gas temperatures, the combustion duration is recorded, depicted in Figure 2.9. In this graph the dash-dotted
line is Tign,g. For low temperatures, the particle combusts long in the kinetic regime. Therefore, the burn
duration is greater than the analytical solution. This analytical solution is indicated by the dotted line. For
increasing gas temperature, the delay time observed in Figure 2.7 reduces. Meaning, a large part of the
combustion duration is diffusion limited. Even for larger gas temperatures the combustion duration of the
analytical and numerical model will not become equal. This is because of the inherent thermal capacitance of
the particle. Therefore, a delay related to the heating time is always present. As such, the analytical solution
is close to the numerical results. In constrast, reducing the gas temperature to Tign,g results in longer delay
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Figure 2.9: Combustion duration of a single particle, dp = 10 µm for different temperatures. The
dash-dotted line is the auto-ignition temperature, for lower temperatures the particle does not
ignite. The dotted line is the analytical solution for the combustion duration.

times. For the limit in Tg = Tign,g the delay time, and therefore burn duration tends to infinity.
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Steady laminar flames

3. Steady laminar flames
In Chapter 2 a model for the combustion of single metal particles has been developed. The next challenge in
modeling steady laminar flames is to model the interaction between the surrounding gas flow and the particle.
In order to do this two sets of equations are required. I). A model to track a single particle in one dimensional
space. This tracking is used to relate the Lagrangian time-coordinate to the Eulerian spatial-coordinate. I).
Coupling equations between the Eulerian gas phase and a Lagrangian dispersed phase are required. These
coupling equations require the transformation of spatial to time coordinates and back. After the model is
introduced, simulations of dispersed steady laminar flames are performed. A wide range of conditions is
investigated; the influence of particle size, stoichiometric ratio, and Lewis number are researched. Finally,
several important observations are made for metal flames, these are outlined.

3.1 Eulerian-Lagrangian framework

In this study, the 1D laminar flame solver CHEM1D [16] is used to model the gas phase. CHEM1D includes
models for gas phase transport properties and for obtaining kinetic rates of detailed reaction mechanisms.
CHEM1D employs an implicit solver, which minimizes the residual of discretized combustion equations. Here,
CHEM1D is extended with additional source terms due to the dispersed phase. The gas phase solution then
provides boundary conditions for the particle model of Section 2.1. Running the particle solver then provides
the source terms via the conservation of mass and energy. All work in this section is based on the work by
Filho et al. [17]. For the ease of the reader, it repeated here.

3.1.1 Equations for the gas phase

In CHEM1D a variable-density low Mach number formulation is used to describe the gas phase. Somers [16]
used this method to simulate steady and freely propagating flat flames. The set of equations provided here
are from Filho et al. [17]. First the conservation of mass,

∂ṁ

∂s
= SO2

(3.1)

Here ṁ is the mass flux of gas, which can also be written as ṁ = ρgug. With ρg, the density, ug the velocity,
and s is the spatial coordinate. Unlike the steady method implemented by Somers [16], an additional term
is added SO2 . This is the exchange term of oxygen between the dispersed and continuous phase and is
discussed later. The second set of equations is conservation of chemical species,

∂ṁYi
∂s

− ∂

∂s

(
λ

Leicp

∂Yi
∂s

)
= ω̇i + δi,kSO2

(3.2)

Yi is the mass fraction of species i, λ is the thermal conductivity, Lei is the dimensionless Lewis number of
species i, cp the thermal capacity, and δi,k Kronecker delta, subscript k refers to the oxygen species. Lastly,
ω̇i the source term due to gas phase reactions. As a first step, these reactions are disabled and thus ω̇i = 0.
The last equation is the conservation of energy,

∂ṁh

∂s
− ∂

∂s

(
λ

cp

∂h

∂s

)
=

∂

∂s

(
λ

cp

Ns∑

i=1

(
1

Lei
− 1

)
hi
∂Yi
∂s

)
+ Sh (3.3)

h is the enthalpy of the gas, for a single species hi is used, and Sh is the exchange of energy between gas
and particles.

3.1.2 Tracking of particles

In order to correctly model the interaction between particles and gas phase, the location of the particles
needs to be tracked. Again, the procedure from Filho et al. [17] is followed. Tracking is performed via a
second order differential equation.

dsp
dt

= up (3.4)

dup
dt

=
3

4

CDρg
dpρp

|ug − up|(ug − up)
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Figure 3.1: Representation of particle-gas interaction.

The first equation describes the change of particle location in time, where sp is the particle position and up the
velocity. The second equation is the acceleration of the particle due to aerodynamic drag forces. While easy
to add, it is currently assumed (for simplicity) that gravity can be neglected. Furthermore, thermophoretic
forces are assumed to be small for the size range of interest [30]. In this second equation, ρg is the gas
phase density, dp the particle diameter, ρp the particle density and ug, up are the gas and particle velocity
respectively. Finally, CD is the drag coefficient for which an empirical relationship is adopted [20]:

CD =
24

Re
(1 + 0.15Re0.687) (3.5)

In this equation, Re is the particle Reynolds number. This correlation is accurate for Re < 800. The
Reynolds number is defined as:

Re =
ρg|ug − up|dp

µg
(3.6)

Where, µg is the viscosity of the gas phase outside the film layer around the particle. In Section 2.1 an
assement of the assumptions was made. Those calculations showed that Re < 1. Therefore, the empirical
relation can safely be used.

3.1.3 Dispersed-Continuous phase coupling

In all former sections, the gas phase is not influenced by the combustion of particles. An additional model is
required to couple the gas phase to the dispersed phase. These equations need to provide gas phase source
terms. In the current particle model, oxygen is consumed and energy is released or absorbed by a parcel.
CHEM1D is a one-dimensional solver and does not solve momentum equation, so no momentum transfer is
modeled. To ensure the conservation of mass and energy in the combined gas-particles system. Appropriate
source terms need to be formulated that describe the exchange of mass and energy between the phases.
Following the method of Filho et al. [17], the source terms read.

SO2,j = −Ṅp
Vj

∆mp,j (3.7)

SH,j = −Ṅp
Vj

∆Hp,j (3.8)

Which respectively are the source-term of oxygen and enthalpy in cell j due to the dispersed phase. Vj is
the volume of computational cell j, and Ṅp is the flux of particles that a computational particle represents.
Lastly, ∆mp,j and ∆Hp,j are the change of mass and enthalpy of a computational particle. The flux of
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particles can be computed via initial conditions.

Ṅp =
ρdvg,0
mp,0

(3.9)

Where mp,0 is the real initial mass of a single particle, ρd is the dispersed concentration, and sL the laminar
burning velocity.

An impression of the discretized coupled system is provided in Figure 3.1. In order to obtain the source
term for the gas phase, time integration of the particle model is to be performed. The integration starts in
the first cell and finishes in the last cell. During integration, every computational cell is passed. In each of
these computational cells, the exchange between particle and gas is modeled, and a source term is obtained.
Any amount of time steps can be taken in a single cell, as long as ∆mp,j and ∆Hp,j are provided by.

∆mp,j = mp,j+ 1
2
−mp,j− 1

2
(3.10)

∆Hp,j = Hp,j+ 1
2
−Hp,j− 1

2

Unlike Filho et al. [17], the entire combustion process is computed via particle tracking. Meaning, that the
final solution accuracy is mostly dependent on the tracking accuracy. Therefore, the time step, ∆t, should
be taken such that this is achieved. In order to ensure sufficient accuracy is maintained, a variable step size
solver is employed, Verner’s 5th and 6th pair [22, 23]. To ensure stability an upper limit to the step size is
used, at least 10 steps are taken within each cell.

This time integration has an acceptable computational time for a single particle. In a metal dust flame, parti-
cle number densities are usually in the order of hundred thousand particles per cubic centimeter. Therefore,
simulating every single particle within the computational domain is not feasible. As such, particles with
similar properties are represented by computational parcels. Parcels are computational particles that can
represent any amount of physical particles with similar properties. Since the simulations performed are
steady, the metal dust can be represented by a single particle. It is assumed that the dust can be repre-
sented by a single particle.

A Solution strategy
An impression of the solution strategy is depicted in Figure 3.2. The implementation alternates between the
Euler solver and the Lagrange solver. At initialization, a gas-phase solution is must be provided by the user.
An initial solution consists of Yi,j , the mass fraction of species i in computational cell j and hj the enthalpy
of at cell j. During the computation of the gas-phase, the Lagrange solver is used to obtain the dispersed
source terms. In the particle tracking procedure, a parcel is released in the first cell with a velocity equal
to the gas velocity. The initial conditions, like dust concentration and particle diameter, are user provided.
This parcel is then tracked until the parcel leaves the domain in the last cell. In each cell, the exchange
terms between gas and dispersed-phase are computed. The Lagrangian solver is finished and the exchange
is used as the source-term of the gas-phase. While outside the scope of this report, at this stage reactions
in the gas-phase can be computed. As an example, a nitrogen/oxygen reaction mechanisms can be used
to obtain source terms for harmful NO emissions. Using the dispersed source, continuous source, and cell
fluxes a new gas-phase solution is computed. The residual of this new solution is computed. If the residual
is below the user-defined tolerance the solution has converged, else the iteration counter is incremented.
The new solution is accepted as the initial solution of the next iteration and the procedure is repeated. To
ensure stable convergence to the solution an ad-hoc damping algorithm is implemented. This algorithm
computes the difference between two subsequent dispersed sources and determines appropriate damping.
Since CHEM1D uses Newton iterations to reduce the residual. The same damping strategy can be used
to prevent the residual from reducing to fast, only half a Newton step is allowed. Therefore, no check is
required on the convergence of the Lagrangian module. It is important to realize, the inherently unsteady
Lagrangian solver will provide a steady solution when the gas phase is steady. Therefore, the only concern
is to obtain a steady gas phase solution, then the dispersed phase is will also become steady.

3.2 Simulations of steady flames

With the model described in the previous section, a coupled gas and particle system can be solved. In this
section, this coupling will be employed to simulation stationery, laminar, unstretched flat flames. The metal
particles used will have the same material properties as used in the previous chapter, see Table 2.1. From
these parameters, it can be computed that a stoichiometric mixture, of metal and air at 300 K and 1 bar, has
a dispersed concentration of about 1 kg/m3. Several simulations are performed where the fuel equivalence

21



3.2 Simulations of steady flames Steady laminar flames

Initialize model, k = 1

Gas-phase solution k: Y k
i,j hk

j

Particle tracking.

Dispersed source term

Solve gas-phase system: Y k+1
j,i hk+1

i

Converged?

increment k.

Done!
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Figure 3.2: Flow chart of the solution strategy.

ratio is altered and the initial particle diameter is changed. Results from initial simulations are used as an
example. The flame is divided into two zones, and important characteristics are identified.

3.2.1 Structures of metal flames

Structure in dispersed metal flames will be presented and discussed. As an initial analysis, the structures at
three different equivalence ratios are used. The initial particle diameter is 5 µm, but as later will be shown
the structure does not alter significantly for different initial particle size.

A Temperature profiles and energy exchange
The profiles of gas temperature, particle temperature, and heat exchange are depicted in Figure 3.3. Each
profile is shifted such that the maximum gradient of temperature is at s = 0. This location almost coincides
with the position where the temperature of the particle is equal to the gas temperature. Therefore, the
energy exchange term is negative to the left of this point and positive to the right. From this observation, a
very clear distinction into two zones can be made. The preheat zone is at s < 0, and the reaction zone is at
s > 0. In the preheat zone gas and particle are heated. When the particle becomes sufficiently hot to ignite,
thermal runaway occurs and the particle temperature rises to the gas temperature. At the location where
the particle temperature is equal to the gas temperature, the transition to the combustion zone is located.
In the reaction zone the particle temperature increases further and becomes significantly higher than the gas
temperature and heat is transported from the particle to the gas.

For lean flames, the duration of particle combustion relatively short and the heat exchange has a pulse-
like shape. Furthermore, the particle reacts rapidly and peak particle temperature is far greater than the
adiabatic flame temperature. In contrast, for fuel-rich mixtures, the combustion duration of the particle
is long and limited by local oxygen concentration. As a result, the heat-exchange is no longer a pulse-like
function but has a more gradual decay. Since the reaction rate is limited by the oxygen concentration, the
peak particle temperature, Tmax,p, no longer exceeds the adiabatic flame temperature, Tad. The adiabatic
flame temperature is the equilibrium temperature without heat loss, in these simulations Tg at s → ∞.
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Figure 3.3: Structures in a dispersed flame with a particle diameter of 5 µm. The solid line is
gas temperature, the dashed line is particle temperature and the dotted line is the volumetric
exchange of enthalpy.
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Figure 3.4: Results for a particle with an initial diameter of 5 µm. (Top), The solid line is
normalized oxygen fraction, and the dashed line is the burned fraction of the particle. (Middle),
The solid line is the normalized Damköhler, and the dashed line is oxygen exchange. (Bottom),
The local equivalence ratio.

Therefore, the profile at φ = 1.0 is comparable with the profile at φ = 1.3. This is a trend observed in all
profiles and the profile of φ = 1.0 will be left out for the remainder of this analysis. The observation of
Tmax,p > Tad for φ < 1.0 and Tmax,p ≈ Tad for φ ≥ 1.0 correspond to those of Goroshin et al. [11] and Soo
et al. [15].

B Oxygen profiles and oxygen exchange
Besides the profile of particle and gas temperature, profiles of oxygen structures are also of interest. These
structures can be used to identify where the particle combusts and the rate of combustion. Profiles used
to analyze these properties are depicted in Figure 3.4. At the inlet, the normalized oxygen fraction in the
gas phase is equal to one. Since the particle has not reacted yet, the burned fraction of the particle is zero.
Because oxygen is consumed in the reaction zone, oxygen diffuses to the flame front. The normalized oxygen
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fraction starts to decrease at s = −0.1 cm. However, the particles are only transported convectively, Yb
remains equal to zero. As a result, the local equivalence ratio starts to increase towards the flame front.
Just before s = 0 the normalized Damköhler start to increase, significant reactions take place. At this stage,
the local equivalence ratio is about twice that of inlet conditions. Because of increasing temperature, see
Figure 3.3, a runaway reaction occurs. Particle reaction rate becomes diffusion limited and Da∗ ≈ 1. This
is where a difference between a fuel-lean and fuel-rich mixtures is observed.

In a fuel-lean mixture, Da∗ and SO2
are a pulse-like function. Furthermore, the particle burned fraction

increase almost linearly. Thus, the reaction takes place at a nearly constant rate, not limited by the depletion
of oxygen. When Yb = 1, metal has been depleted in the particle and Da∗ becomes zero again. Since the
element of oxygen must be conserved, φ returns to the inlet value.

In a fuel-rich mixture, different profiles can be seen. The reaction rate, increases fast to the diffusion limit,
Da∗ ≈ 1.0. However, the oxygen concentration is low, and the reaction rate is limited by the depletion of
oxygen. The oxygen exchange, SO2

gradually decays back to zero while Da∗ remains close to unity. Because
φ > 1.0, the burned fraction metal does not approach one and unburned metal remains at the particle.
Therefore, the effective reactive area does not approach zero as s→∞. Meaning, Da∗ will remain constant
after s = 0.2. Here, there is a slight difference between results from φ = 1.3 and φ = 1.0. When φ = 1.0,
all metal can react and Ar → 0 as s → ∞, Da∗ will approach zero. But, the general shape of SO2 remains
unchanged. Also in fuel-rich mixtures, φ returns to the inlet value for s→∞.

The most important observation, is the increased equivalence ratio at s = 0, in both fuel-lean and fuel-
rich mixtures. Because the reaction is strongly dependent on local oxygen density, Da∗ ≈ 1, the reaction
rate must be significantly lower than a homogeneous mixture of metal and oxygen. This implies, that it is
important to solve a coupled gas and particle system.

C Fluxes of conserved quantities
Conserved quantities, like enthalpy and element O, are not changed by chemical reactions. These quantities
can only be transported from one phase to another. Since a steady problem is solved, the flux entering
a computational cell must equal to flux leaving the cell. Three different fluxes can be distinguished, a

24



3.2 Simulations of steady flames Steady laminar flames

convective flux, a diffusive flux, and a convective flux contained in the dispersed phase, particle flux. Only
the sum of these must be constant in the domain, exchange of fluxes is valid. The convective flux of oxygen
and enthalpy are provided by:

JO,conv = ṁZO (3.11a)
Jh,conv = ṁh (3.11b)

ZO is the mass fraction of element O in the gas. Second, the diffusive flux of oxygen and enthalpy are
provided by:

JO,diff = − λ

LeO2cp

∂YO2

∂s
(3.12a)

Jh,diff = − λ
cp

∂h

∂s
(3.12b)

This is the transport of oxygen and enthalpy due to diffusion and conduction respectively. The convective
and diffusive fluxes are similar to the first two terms of Eq. (3.2), O2 fluxes, and Eq. 3.3, enthalpy flux.
Finally, transport by the particles should be defined. Since particles do not diffuse, the particle flux is only
convective and provided by:

JO,p = mpZO,pṄ (3.13a)
Jh,p = HpṄ (3.14a)

ZO,p is the mass fraction of element O in the particles. First, these fluxes have been used to verify the solver
converged with sufficient accuracy. From this analysis, it is concluded that Ṅ is accurate within a hundred
particles per second for the entire domain, less than 0.1% deviation. Meaning, the coupling implementation
is correct, mass and energy are conserved.

These fluxes also contain a lot of interesting information. For the same conditions as before, the fluxes have
been depicted in Figure 3.5. Here, the normalized convective, diffusive and particle fluxes of oxygen and
enthalpy have been shown. The enthalpy flux is normalized such that Jh,conv = 1 at the outlet. While
the oxygen flux is normalized such that JO,conv = 1 at the inlet. In both fuel-lean and fuel-rich mixtures
the enthalpy flux entering the computational domain is almost zero. This is because the inlet temperature
is 300 K, close to the reference temperature of the enthalpy. Since both the gas and the particles have
an enthalpy of zero at the reference point, the influx is zero. In the preheat zone, Tp < Tg and heat
is transported, via the exchange term Sh, to the particles. Therefore, the enthalpy flux in the particles
increases in the preheat zone. However, in the reaction zone, the particle combusts. If a particle combusts
without heat loss, the temperature increases while the enthalpy remains constant. But in the reaction zone,
Tp > Tg, and heat is transported to the gas. Therefore, the enthalpy of the particle becomes negative, and
thus the enthalpy flux. Since results have been normalized by the gas phase outlet and enthalpy must be
conserved, Jh,p → −1 as s→∞. Because the gas temperature becomes constant for increasing s, conductive
heat transport becomes zero. Since the diffusive flux is against the gradient, there is a negative conductive
flux around s = 0.

The convective oxygen flux starts at one since it has been normalized as such. Because no reactions have
taken place, the oxygen particle flux is zero. Because oxygen is consumed in the reaction zone, a diffusive
oxygen flux is present for s < 0. The convective oxygen flux is converted into a diffusive flux, such that
JO,conv + JO,diff = 1. At s = 0 the reactions start and oxygen is transported to the particles. In a fuel-lean
mixture, the particle flux increases linearly, just as the particle burned fraction. Which is logical since ZO is
related to the particle burned fraction. Since there is an excess of oxygen, some oxygen remains in the gas
and JO,conv does not become zero. In fuel-rich mixtures, there is an excess of fuel and all oxygen reacts, thus
JO,conv → 0 and JO,p → 1. Also in these graphs, it can be seen that fuel-rich mixtures have a slow decay in
the reaction.

D Influence of particle size
The influence of particle size is investigated by performing simulations with larger particles. Simulations
have been performed with a particle diameter ranging from 5 µm to 40 µm. The results of the thermal
profiles for a particle of 40 µm is depicted in Figure 3.6. Compared with the results of Figure 3.3. The most
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Figure 3.6: Structures in a dispersed flame with a particle diameter of 40 µm. The solid line is
gas temperature, the dashed line is particle temperature and the dotted line is the volumetric
exchange of enthalpy.
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flame temperature, Tad as a function of φ.

important distinction is an increased flame thickness. Where the entire structure of a 5 µm particle could
be captured in about 2 mm, here 10 mm is required. This result can easily be explained. Particles with a
larger diameter have a smaller specific surface area, the surface area per kilogram metal. Therefore, the
total reactive area of a homogenous mixture of large particles is less than for small particles. Meaning, for
the same conditions, the overall reaction rate is lower for a large particle. This can also be seen in the Sh
profile, it is about 50 times lower than for 5 µm particles. Which results in, lower flame speed and therefore
a larger flame thickness. From the analysis, it is concluded, that also the oxygen and flux profiles are wider
but not vastly different. Therefore, these results are not shown.

3.2.2 Flame speed and equivalence ratio

In the previous section, flame structures were studied. However, flame profiles, like local oxygen concentra-
tion, are hard to measure. Therefore, there is an interest in flame speed, which has been measured for metal
flames [4–7,9, 11]. Here the analysis of flame speed as a function of equivalence ratio will be conducted. To
this end, simulations have been performed in normal air, with T0,g = 300 K and Pg = 1 bar. The particle
parameters from Table 2.1 have been used, with particles ranging from 5 µm to 40 µm in diameter. Finally,
the equivalence ratio is changed from 0.3 to 1.3. Results of flame speed in flat laminar flames are depicted
in Figure 3.7. The flame speed is shown for a subselection of particle sizes, 5 µm, 10 µm, and 40 µm. For
every particle size, the trend is comparable. The trend observed is similar to that in gas flames. For low
equivalence ratio the flame speed is low, a peak in the center, and again low flame speeds for increasing
equivalence ratio. However, there is a distinctive difference between these flames and gas flames. For gas
flames, the location of peak flame speed, φmax, is at peak flame temperature [29]. However, the numerical
results of these dispersed flames show φmax ≈ 0.7. While the highest flame temperature is at φ = 1.0, as
shown in the right half of Figure 3.7. This unexpected behavior requires further investigation.
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an initial particle diameter of 10 µm. The pink line connects φmax.

Comparing our model with the model from Sidorov and Shevchuk [31], valuable insight is obtained. Sidorov
and Shevchuk find φmax ≈ 2.8, for iron flames. However, in this model, no transport equation for oxygen
is solved. It is assumed that the oxygen concentration at particle ignition, is provided by the unburned
conditions. And also, the burn duration does depend on the local oxygen concentration. In contrast, the
present model, there is diffusive transport of oxygen towards the flame front. As a result, local φ is higher
than at unburned conditions. Meaning, the burn duration is longer than a homogenous mixture at unburned
conditions. Considering Figure 3.4, in the simulation of φ = 0.7, the particle ignitions at φ ≈ 1.4. Since the
reaction rate is diffusion limited, strongly dependent on local oxygen concentration, the initial combustion
rate is comparable to fuel-rich conditions. But the mixture is actually fuel-lean. This could explain why
φmax is not above stoichiometric and even at a fuel-lean mixture.

To further research the influence of local φ additional simulation have been performed. In these simulations,
the diffusion coefficient of oxygen, DO2,g, has been adjusted. The diffusion coefficient, only changes in the
gas phase, in the particle model the diffusion coefficient, DO2,f , is kept the same as in previous simulations.
The diffusion coefficient can also be expressed via the Lewis number.

Lei =
λ

ρDi,gcp
(3.15)

Since the metal particles do not diffuse, Lep =∞ while for oxygen LeO2
≈ 1. In the simulation, the diffusion

coefficient is changed from LeO2
= 0.6 to LeO2

= 3.0. An initial particle diameter of 10 µm is used. A
subset of the results has been shown in Figure 3.8. The flame speed as a function of φ is shown for three
different Lewis numbers. For fuel-lean mixtures, the flame speed for each Lewis number is almost observed
the same. Because the local oxygen concentration is relatively high, the combustion duration of the particles
is short. Furthermore, the flame temperature is low. As a result, the time required to heat the particles
to the ignition temperature is long. Therefore, the local oxygen concentration is not limiting the flame
speed, but particle heating is. For increasing φ, the simulation results start to deviate. The flame speed for
LeO2 = 0.6 becomes the lowest and for increasing LeO2 the flame speed becomes higher. Furthermore, for
increasing LeO2, φmax shifts towards a stoichiometric mixture. To explain this, the oxygen profiles of these
flames have been depicted in Figure 3.9. In the top graphs, it can be seen that increasing LeO2. Results
in, YO2

closer to the unburned conditions at s = 0. Meaning local φ is closer to the unburned conditions.
Therefore, a higher combustion rate, less restricted by the local lack of oxygen. Which, explains the shift of
φmax towards φ = 1 or conversely, the diffusion of oxygen is the reason that φmax 6= 1.0.

3.2.3 Validation

To the author’s knowledge, not a lot of experiments have been conducted for iron powder flames in a wide
range of fuel-equivalence. However, if a comparison is to be made between the model and experiments,
the results from Sun et al. [4] might be most suited. Sun et al. performed measurements of spherically
expanding iron flames at normal air conditions. Two different iron powders were used; Powder (I) with a
particle diameter between 1 µm and 3 µm; and Powder (II) with a particle diameter between 2 µm and 4.5 µm.
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As discussed in Section 2.1, the particle model assumes the continuum regime for mass and heat transport.
Therefore, it is assumed that particles with a diameter less than 5 µm are not in the valid range of the model.
As a result, these two powders cannot be accurately represented by the model used. Moreover, the results
are from spherically expanding flames. These are very likely affected by significant flame stretch effects, far
from the simulated flat flames. Nevertheless, a comparison between the numerical model and experiments
will be made. To compensate for the size, the results from Sun et al. are normalized by the maximum flame
velocity observed in Powder (I), sL = 35.2 cm/s. The results from Sun et al. were presented as a function of
the dispersed iron density. In order to convert this to φ, it is assumed that the stoichiometric concentration
is equal to 1 kg/m3, similar to the model. Simulations have been performed for a particle size of 5 µm and
8 µm, a comparable size ratio as Powder (I) and Powder (II). The simulations have also been normalized by
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the maximum value observed in the smallest powder, sL = 14.3 cm/s. Results of this comparison are shown
in Figure 3.10. The results from Sun et al. show φmax near a stoichiometric mixture. This is different from
the simulation results, where peak flame speed is located at φ ≈ 0.7. However, the trend in the experimental
results is very similar to the simulation results. A strong increase in sL for φ < φmax, and a smaller dropoff
for φ > φmax. Furthermore, the ratio of s∗L for the small and large powder is similar in experiments and
the model. This corresponds with the observation from Tang et al. [6], where sL ∼ 1/dp is found. While
the shift in φmax is striking, the agreement in shape and the ratio of peak flame velocities is promising.
Several theories for φmax 6= 1.0 are identified: They all require further research. In the current model, no
heat loss through radiation is modeled. However, in Figures 3.3 and Figure 3.6, it can be seen that Tmax,p

is much larger than Tad in fuel-lean mixtures. This means, that the heat loss through radiation in fuel-lean
mixtures is larger than in fuel-rich mixtures. A larger reduction in flame temperature for fuel-lean mixtures,
and therefore a stronger reduction in sL for flames with Tmax,p = Tad. It is not unreasonable to assume
that this will shift φmax towards stoichiometric conditions. A second reason could be flame stretch, the
experimental results are from strongly stretched flames, while simulations are for flat unstretched flames. A
similar conclusion is drawn by Julien et al. [9], after observing the lack of correlation in measurement data of
different experimental setups. However, if the existing theory of flame stretch and curvature is applicable to
dispersed flames, then stretch would influence sL almost independent of φ. This implies that flame stretch,
if the theory is applicable, cannot explain φmax 6= 1.0. More experiments and simulations are required to
understand if this is indeed the case. Finally, some other plausible reasons are: The one-step reaction,
continuum transport model, and the unknown reaction parameters assumed in our model.

Tang et al. [6,7] performed flame speed measurements with five different powders in microgravity. The flame
speed is measured in a combustion tube for an iron suspension with a density between 0.9 to 1.2 kg/m3.
Tang et al. also provided a comparison to a model. The model they used is the model developed by Goroshin
et al. [11], in which parameters representative for iron are used. Tang et al. scale the model results by a
factor two, to compensate for the stretch of the parabolic flame-front that was measured. Using our model,
simulations are performed at similar conditions, assuming φ = 1.0. Results of the comparison are depicted in
Figure 3.11. The experimental results, the model from Goroshin and the numerical results are shown. The
numerical results have been extended for particles smaller than 5 µm. Tang et al. hypothesis that sL ∝ 1/dp
trend should be observed. In both the present model and the model presented by Tang et al. this is indeed
the case. The experimental results could also show this type of relation. However, more experiments with
different powders should be conducted to provide certainty. Considering the uncertainties in the experimental
results, the unknown effect of flame stretch, it is unsure if either model performs better.
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4. Analysis of modeling assumptions

In Section 2.1, the particle model was introduced and several assumptions where made. Furthermore, the
parameter of Table 2.1, where used throughout the report. In this chapter, alternatives to the model used
will be discussed and uncertain parameters are changed. The combination of these changes will be used to
improve model understanding, to support modeling decision, and to identify important areas of research.
Only a subset of possible adjustments will be made, but these should be sufficient to give insight into some
potential research areas.
I) In this model, the kinetic parameters used in this report have not been measured. Therefore, there is an
interest in understanding the importance of these parameters. To this end, the influence of k0 and Ea on
Tign,g and sL is investigated.
II) Instead of using kinetic parameters, the model could also use an ignition temperature. It will then be
assumed that particle ignition is a step change to the diffusive limit, similar to Goroshin et al. [11].
III) In the particle model, it is assumed that the particle temperature can be computed via enthalpy and
constant heat capacity. However, iron and iron-oxide have several crystalline structures. Meaning, the heat
capacity is not constant over the entire temperature range.
IV) The effective diffusive and reactive area equations, see Equations (2.17) and (2.18) are based on an
impression of metal combustion. Other authors use a different impression of the combustion process [11,14].
These equations can be replaced match different models for particle combustion. After every section, the
model is returned to the reference case as is used in the previous sections.

4.1 Kinetic parameters

The particle model developed in this report utilizes surface kinetics to obtain the reaction rate at the particle
surface. However, this model has one drawback, the two kinetic parameters used, k0 and Ea, have not been
measured. The kinetic parameters used in this report are chosen such that the auto-ignition temperature
is comparable to literature estimates [6]. Therefore, a lot of uncertainty is involved in these parameters.
Because of this, a sensitivity study is performed for these parameters. An extensive study of over five
thousand simulations is performed, in which a wide range of pre-exponential coefficients and activation
energies are used. For each combination of k0 and Ea, the auto-ignition temperature and flame speed are
computed. Due to the computational time, these simulations are performed for a single particle size of
5 µm and only for φ = 0.7 and φ = 1.0. Simulation results are compressed into two contour plots depicted
in Figure 4.1. Here the contours of Tign and sL are shown for each combination of k0 and Ta = Ea/Ru.
The contour lines for both Tign,g and sL show a strong dependence on Ta. Furthermore, for both φ = 0.7
and φ = 1.0, the lines of Tign,g are close to parallel sL. Indicating the strong dependency of flame speed
on ignition behavior, independent of equivalence ratio. Interestingly, the sensitivity of Tign,g on the kinetic
parameters could allow for the measurement of these parameters. If Tign,g is measured for a wide range
of particle sizes and conditions, the particle model can be used to replicate these results. If the model
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Figure 4.1: Contours of sL, solid lines, and Tign,g, dashed lines, for a range of kinetic parameters
and a particle diameter 5 µm. Marked point is the parameters used throughout the report.
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Figure 4.2: Results for a particle with initial diameter 10 µm and Tign = 920 K. (Top), The
solid line is gas temperature, the dashed line is particle temperature, and the dotted line is the
volumetric exchange of enthalpy. (Bottom), The solid line is the normalized Damköhler number
and the dashed line is volumetric O2 exchange.

and experiments show the same trends, the particle model can be verified to some extent and the kinetic
parameters are obtained.

4.2 Prescribed ignition temperature

In the previous section, it was concluded that the kinetic parameters, which are currently not known, have
a large influence on the flame speed. Furthermore, earlier in the report the observation was made that
the reaction rate becomes diffusion-limited after a short transient time, see Section 2.2 and Section 3.2.1.
Therefore, it can be considered to replace the kinetic model with a simpler diffusion-limited model, with
a prescribed ignition temperature. This can be compared to analytical models in the literature [11, 31].
A prescribed ignition temperature can easily be implemented in the particle model, by replacing Eq. (2.6)
by:

dmp

dt
= Adρg,O2

kdDa∗ (4.1)

Da∗ = 0 if Tp < Tign or Yb = 1.0

Da∗ = 1 if Tp ≥ Tign and Yb < 1.0

Where Tign is a user-defined ignition temperature, independent of particle size or local oxygen concentration.
With this newly defined particle model, steady flames have been simulated for a particle diameter of 10 µm
and φ = 0.3 to φ = 1.3.

A Flame profiles
Profiles for φ = 0.7 and φ = 1.3 and Tign = 920 K have been depicted in Figure 4.2. Temperature profiles
are comparable to those of the kinetic model, Figures 3.3 and 3.6. Initially, the particle is colder than the
gas. When Tp = Tign then Da∗ = 1 and the particle instantly combusts in the diffusion limit. As a result, at
s ≈ 0 a sharp change in particle temperature can be observed. In a fuel lean mixture, a clear burn duration
can be seen, from s ≈ 0 to s ≈ 0.05. During this time, the oxygen exchange is a pulse-function. However, the
particle has a heat capacity and heat exchange is driven by a temperature difference. The heat exchange,
Sh, is not instantly at peak rate and a smooth increase to peak exchange is seen. Just like the kinetic model,
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Figure 4.3: Left: Flame speed for a range of fuel equivalence and different ignition temperature.
Right: In flame particle ignition temperature. Dashed lines are intermediate values of ignition
temperature. The dotted line is the original model, as presented in Section 2.1.

in fuel-rich mixtures, the oxygen source term has a slow-decay. Since metal is not depleted the particle
remains reacting in the diffusion limit, while the oxygen concentration approaches zero. Finally in fuel-lean
mixtures Tmax,p > Tad, while in fuel-rich mixtures Tmax,p ≈ Tad. Therefore, this behavior is because of the
local oxygen concentration and not related to a kinetically limited reaction.

B Flame speed
The flame speed as a function of equivalence ratio, for the ignition model and the kinetic model, are compared
in Figure 4.3. The overall profiles of the different model are comparable; low flame speed for low equivalence
ratio, peak flame speed around φ ≈ 0.7 and an almost linear fall-off at higher φ. However, the curve of
the kinetic model crosses several of the fixed ignition temperature curves, which can be explained. Oxygen
concentration has a large contribution to the ignition temperature, Section 2.2.1. Furthermore, the mass
fraction oxygen is less than at unburned conditions and this effect is stronger for higher φ, Section 3.2. As
a result, the particle ignites at a higher temperature for increasing φ, which is shown on the right side of
Figure 4.3. Where the inflame Tign,p is computed, by finding the time at which Qr ≥ Qc, i.e. particle heating
is dominated by oxidation. From this graph, it can be seen that the particle ignition temperature increases
with increasing φ. For φ > 0.9, the Tign,p remains almost constant just above 1000 K. Furthermore, the sL of
the kinetic model is lower than sL of the prescribed ignition model with the same ignition temperature. At
φ = 0.3 the particle ignites at approximately 850 K, while the predicted flame speed is closer the solution of
Tign = 900 K. This difference is because of the absence of a transitory time in Da∗. In the kinetic model, a
short period of a kinetically limited reaction rate is present, while the prescribed ignition model immediately
switches to Da∗ = 1. Therefore, particle burn times are shorter and flame speed is higher. The prescribed
ignition model still predicts φmax < 1.0. Meaning, the dependence of the reaction rate on local oxygen
concentration is the main contribution to φmax.

The analytical model from Sidorov and Shevchuk [31], predicts φmax at an equivalence ratio larger than
stoichiometric. This is because the transport equation for O2 is not solved. The results in this report,
however, predict a peak flame speed at fuel lean conditions. It has yet to be verified that the removal of
the oxygen dependence in the particle model, will shift peak flame speed to fuel rich conditions. To test
this, the oxygen concentration has been set to a fixed value within the particle model, but the equation for
O2 in the gas phase is still solved. The only alteration made is an adjustment to Eq. (4.1), where ρg,O2

is
replaced by a user-defined fixed value. As a result, the model is invalid for φ > 1.0 and cannot converge at
those conditions. However, it is still possible to simulate up to φ = 1.0 and validate if φmax no longer resides
at fuel lean conditions. The simulations for this fixed oxygen model have been performed for Tign = 920 K
and ρg,O2

= 1× 10−4 g/cm3. These parameters have been such that sL at φ = 0.3 is approximately equal
for all models. Results are compared with the fixed ignition temperature model and the complete kinetic
model, depicted in Figure 4.4. Compared to the kinetic and prescribed ignition model, the prescribed oxygen
model predicts a comparable trend only for φ ≤ 0.5. For higher fuel equivalence, both the kinetic and fixed
ignition model start to approach φmax, while the fixed oxygen model keeps rising. Furthermore, sL of the
prescribed oxygen model keeps increasing until φ = 1.0. If the curve is extrapolated, φmax would be at
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Figure 4.4: sL as a function of φ for three models; fixed surface concentration and ignition
temperature, fixed ignition temperature, and the kinetic model.

fuel-rich conditions, as hypothesized by Sidorov and Shevchuk [31].

4.3 Thermal model & chemical equilibrium

For the description of the particle temperature as a function of burned fraction and enthalpy, a constant heat
capacity model was assumed. This assumption was mainly made for the ease of analyzing the results, no fixed
temperatures due to phase change would emerge. Meaning, the temperature would predictably be related
to the particle enthalpy and burned fraction. However, iron has several crystalline structures. Therefore,
iron undergoes several phase changes during heating. For each of these iron crystalline structures, proper
polynomials exist to describe the enthalpy as a function of temperature. Tools like Chemical Equilibrium
with Applications [21], CEA, use and provide these polynomials to compute equilibrium compositions of
mixtures. Therefore, CEA can be used to compute the equilibrium temperature of an iron particle as a
function of Yb and hp. Results of these calculations can be tabulated. The tabulated results can be used
in the particle model to replace Eq. (2.13). Such a table is computed for the temperature range of 300 K
to 3000 K and a burned fraction of zero to one, a total of 100x51 data points. Furthermore, it is assumed
that the main reaction in iron combustion is iron to iron(II)oxide, thus Yb = 0.0 is Fe and Yb = 1.0 is FeO.
The temperature as a function of enthalpy is plotted for three different burned fractions, see Figure 4.5. In
the right graph, a plateau of temperature can be seen when the iron transition from solid to liquid, this
transition is at lower temperatures for iron-oxide than iron. Furthermore, a reaction of pure iron and oxygen
reaction starting at 300 K would, without heat loss, result in a final temperature larger than 3000 K. If
the particle temperature exceeds 3000 K, extrapolation of the table is used, which is just a constant heat
capacity assumption. From the right graph in Figure 4.5, it can be seen that the chemical heat release, dhp

dYb
,

changes significantly with temperature and burned fraction. For a low burned fraction the heat release is
significantly higher than the constant value used in the previous chapters of the report, ∆hc = 2921 J/g.
However, as the temperature and burned fraction increase the tabulated chemical heat release reduce to
below the used value.

This table is used to simulate combustion of a particle released in a hot flow, just like Sections 2.2.1 and 2.2.2.
Profiles of temperature and the normalized Damköhler number are shown in Figure 4.6. When the particle is
reacting, and thus heating up, a small deviation from a straight line can be seen in the temperature profile.
This small change corresponds to a change from solid to liquid iron(-oxide). This is better seen during cooling
when liquid iron(II)oxide transitions back to solid iron(II)oxide, the temperature remains near constant for
some time, t = 70 to 80 ms. For the rest, the results are very much comparable to the results with constant
Cp and ∆h

Simulations are performed, using this tabulated approach, to obtain auto-ignition temperatures of the gas
phase. Results of these simulations are shown in Figure 4.7. Three different models have been used, the
tabulated model, the constant heat capacity with Cp = 0.677 and ∆hc = 2921, and a variation with
Cp = 1.000 and ∆hC = 2921. The trends Tign,g vs dp of all simulations are similar. The results have slight
offsets with respect to each other, indicating the influence of the chosen parameter values. Values of the
constant heat capacity model used in previous chapters have been carefully chosen. Because the particle

33



4.3 Thermal model & chemical equilibrium Analysis of modeling assumptions

−4,000 −2,000 0 2,000

1,000

2,000

3,000

hp [J/g]

T
p

[K
]

0.0 0.2 0.4 0.6 0.8 1.0

−5,000

−4,000

−3,000

−2,000

Yb [−]

d
h
p

d
Y
b

[J
/
g
]

Yb = 0.0 Yb = 0.5 Yb = 1.0 Tp = 1000 Tp = 2000 Tp = 3000

Figure 4.5: (Left), Chemical equilibrium temperature of a particle for thee different constant
burned fraction. (Right), Derivative of enthalpy at a constant temperature, for the burned frac-
tion, i.e. chemical heat release. Range 300 K to 3000 K, with Yb = 0.0 is pure Fe and Yb = 1.0 is
pure FeO.
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Figure 4.6: Profile of temperature and normalized Damköhler for a particle with tabulated tem-
perature, dp = 50 µm.

ignition temperature is close to 800 K, and these results show that heat capacity has an influence on Tign,g.
The heat capacity has been chosen at 800 K. Such that ignition does not deviate significantly from the
tabulated model. With the heat capacity fixed, ∆hc can be determined. The adiabatic flame temperature at
φ = 1, using the tabulated model is 2200 K. ∆hc has then been chosen such that the constant heat capacity
model also produced Tad ≈ 2200 at φ = 1.0. The resulting ignition temperature of the tabulated model
is still lower than the constant heat capacity model. Two important differences can be identified in the
tabulated model compared to the constant heat capacity model. I), Due to a change in crystalline structure
from ferrite (alpha iron) to austenite (gamma iron) the heat capacity starts to rapidly increase above 900 K,
[32]. From Figure 4.6 it can be seen that an increased Cp reduces Tign,p. II), For low burned fractions the
heat release is larger than for high burned fraction, Figure 4.5. In the analytical relation for auto-ignition in
Gorshin et al. [11], it is found that an increased chemical heat release reduces Tign,p. As a result, a reduced
ignition temperature for the tabulated model.

As was found in the previous Section 4.2, the auto-ignition behavior has an impact on the final flame
speed. Meaning, the use of a tabulated model will have an influence on sL. Here, the tabulated model
will be compared with the constant heat capacity model, for two different heat capacities, Cp = 0.677 and
Cp = 1.000. Results of these simulations are shown in Figure 4.8. The influence of the tabulated model can
immediately be seen, sL predicted by the tabulated model is higher over the entire range. The model with
higher heat capacity produces a lower flame speed. Based on Tign,g, the reverse would have been expected.
However, realize that a reduced heat capacity results in a reduced characteristic heating time. Meaning,
particles with a lower heat capacity require less time to heat to the ignition temperature and thereby increase
flame speed. In the tabulated model, the heat capacity is less than 0.677 J/(g K) for the entire temperature
range below 800 K. However, above 800 K the heat capacity is larger and therefore the ignition temperature
is reduced. This means that the tabulated model has the short heating time of a low heat capacity model
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Figure 4.7: Tign,g as a function of dp, for the tabulated temperature and constant heat capacity
model.
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Figure 4.8: Flame velocity for three different models, tabulated temperature, constant heat ca-
pacity with Cp = 0.677 and constant heat capacity with Cp = 1.000.

and the reduced Tign,p of a high heat capacity particle. This shows the impact tabulated properties can
have on the flame speed. This implementation does not consider reverse reactions and thus true chemical
equilibrium. From the chemical equilibrium calculations by Tang et al. [7], it is seen that the composition
of a combusted iron particle depends on φ. Indicating that detailed reaction mechanism, accounting for
reverse reactions and thus chemical equilibrium, employing polynomials, or tables, to obtain thermodynamic
properties might be required to obtain accurate simulations.

4.4 Surface model

The definition of the effective reactive and diffusive surface area in Section 2.1.1 where based on an impression
of the combustion process. In this section alternative definitions for these surface areas are used. All of these
definitions are based on the physical interpretation of the combustion process on the particle. For every
surface model the diffusive and reactive surface area scale differently with the combusted fraction of the
particle. If the particle is completely unburned, all models are equal and thus ignition behavior is the
same. However, as combustion progresses the models start to deviate and thus each model has a different
combustion duration. From the analytical models by Goroshin et al. [11] and Sidorov and Shevchuk [31]
it is known that combustion duration has an impact on flame speed. Three surface models were under
consideration, we named them: adsorption surface, unmixed surface and porous surface. An engineers’
impression of the three models has been depicted in Figure 4.9.

A Equation of surface models
The adsorption surface is the model introduced in Section 2.1, for completeness Ad and Ar are repeated
here.

Ad = Ap (4.2)
Ar = YbAp
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Unmixed surface Porous surface

Figure 4.9: Impression of the unmixed surface model: metal and metal oxide are separated,
forming two partial spheres, and Porous surface model: metal oxide forms a non-protective shell
around a metal core.

The unmixed model, metal and metal oxide are separated due to viscous forces in the particle. Therefore, the
particle will separate into two partial spheres. Reaction and diffusion only occur at the metal hemisphere.
For simplicity it is assumed that particle has a surface area proportional to the burned mass fraction. The
equation used for this model are:

Ad = YbAp (4.3)
Ar = YbAp

Lastly, the porous surface model, based on a hypothesized combustion mode by Bergthorson et al. [3].
Metal-oxide forms a porous shell around a metal core. While not assumed here, this porous shell could
inhibit diffusion to some degree. Therefore the metal-oxide shell does not have protective properties, and
that reaction occurs at the metal-metaloxide interface. First the unburned metal radius should be computed
via.

Vu,p =
mp (1− Yb)

ρu
(4.4)

du,p =

(
6

π
Vu,p

) 1
3

Using this unburned metal radius the reactive and diffusive surface areas can be computed.

Ad = Ar = πd2
u,p (4.5)

These are just three surface models, Bergthorson et al. [3] sugests two more combustion modes. When the
particle temperature is higher than the metal boiling temperature, a lifted flame mode is hypothesized. In
this mode a metal core evaporates and metal vapor diffusive outwards. At some distance away from the
metal core, metal vapor and oxygen react in a "halo" around the particle, the combusted metal will thus form
hollow shells. This is not considered here. Though not investigated in this report, it is not unreasonable to
assume that the surface model changes as combustion progresses. As example, first a porous mode followed
by the unmixed mode when metal and metal-oxide beome liquid, and for even higher temperatures the halo
mode described above.

B Combustion duration
Just like Section 2.2, the experiments from Wright et al. [27] have been replicated with all three surface
models. To remove the transient part of Da∗, the prescribed ignition model is used, Section 4.2. Remember,
the ignition temperature of each of the model is the same, since they are equivalant for Yb = 0. Results of
this comparison are shown in Figure 4.10. All three models predict distinctly different combustion durations.
The unmixed model predicts the longest combustion duration. In the unmixed model, both Ad and kd reduce
during combustion, therefore the combustion rate quickly drops off after ignition. In contrast, the adsorption
model, this model has an increasing mass transfer coefficient as the combustion progresses. Furthermore, as
long as the reaction rate is fast enough, here assumed to be infinite, the effective diffusive area remains the
particle surface area. Thus, the combustion duration of such a particle is the shortest. Finally, the porous
surface model, in this model the mass transfer coefficient approach infinite as the combustion progresses, while
the surface area approaches zero. The net result is a combustion duration longer than the adsorption model,
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Figure 4.10: tb vs dp for three different surface model and experimental results from Wright et
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Figure 4.11: sL vs φ for two different particle sizes and three surface models.

but shorter than the unmixed model. The surface model used in previous chapters of this report, predicts
a combustion duration closest to the experimental results. Because of the uncertainty in the combusted
fraction at particle explosion, the results do not provide any certainty for the “best” surface model.

C Flame speed
With all surface models steady flames have been simulated, as in Section 3.2. The flame speed as a function
of φ for the three different models is compared. Simulations are performed with two different particle
diameters, 5 µm and 10 µm, and φ is varied from φ = 0.3 to φ = 1.3. Results of these simulations are shown
in Figure 4.11. The curve of all three models is comparable. However, each of the models predicts a very
distinct flame speed. The model with the longer combustion duration (unmixed model), has the slowest
flame speed and vice versa. For increasing combustion duration φmax shifts towards a stoiciomatric mixture.
The shift in φmax observed here is not sufficient to explain why results in experiments are not shifted, see
Figure 3.10. The surface model could partially explain the observed differences. While the profiles where not
drawn here, the influence of oxygen diffusion can still be observed in the unmixed and porous model. More
importantly, the conclusions of all previous chapters will remain if any other surface model is used.

37



Conclusions and outlook

5. Conclusions and outlook
In this research, we developed a new model for the combustion of metal particles and a new approach for
the simulation of metal dust flames. In the new particle model, it is assumed that the metal-oxide remains
at the particle and the density of metal and metal-oxide are not the same. As a result, the particle grows
during combustion and the combustion duration is shorter than that of shrinking particles. Furthermore,
the particle model has a numerical solution for both kinetically, Da∗ ≈ 0, and diffusion, Da∗ ≈ 1, limited
combustion. In the diffusion limit Da∗ = 1, an analytical solution is derived for the combustion duration. It is
found that the new particle model shows better agreement with the limited experimental results. Therefore,
more experimental results are required to validate the newly defined model.

The particle model is implemented in CHEM1D, where an Eulerian-Lagrangian approach is used to model
the interaction between the gas and dispersed particles. The result is a coupled model, capable of simulating
steady, laminar, flat dispersed flames. Simulations of metal dust flames, at a wide range of conditions, are
conducted. From the profiles of oxygen concentration, it is found that combustion conditions are more fuel-
rich than the unburned conditions. The result is a shifted φ vs sL graph, where the location of peak flame
velocity is at fuel lean conditions. To further investigate this observation, simulations are conducted with
different Lewis numbers. It is found that a reduced oxygen diffusivity shifts φmax towards stoichiometric.
Showing the strong influence of an oxygen equation on numerical results. Numerical results are compared
with experimental results, both as a function of φ and dp. In either case, the trend is found comparable with
the results presented literature. However, for the dependence of sL on φ, see Figure 3.10, numerical results
appear to be shifted to lean conditions. Though diffusion of oxygen has been shown to be the main reason
for this shift, it can not be explained why such a shift is not present in the experimental findings. The large
scatter in experimental results, as observed by Julien et al. [9], indicates the existence of not well understood
physical phenomena. However, φmax 6= 1.0 might as well be due to modeling assumptions made. The particle
model used here, for instance, is a relatively simple model to describe complex physical phenomena. Some of
the assumptions made include; higher oxidation states are not considered; reversible chemical reactions are
not considered; the Stefan flow is neglected; heat loss through radiation is neglected. In the final chapter of
this report, the influence of some assumptions is investigated. Qualitatively, there is no big effect of changes
in the particle model on trends of flame speed and structure as a function of φ or dp. Quantitatively, however,
the flame speed is changed, mainly through changes in Tign and tb. It is important to realize that this report
can just as well be written with any of the alternative modeling assumption discussed in Chapter 4 and the
conclusions of Chapter 3 will remain.

Finally, the code employed in this report has the ability to simulate hybrid systems of a gaseous and metal
fuel, as experimentally investigated by Julien et al. [8]. Furthermore, this model can be used to predict
NOx emissions. The code is also able to simulate systems of different particles. The assumption of a mono-
sized particle distribution was used here for the ease of analysis and already gave new insight. However, it is
possible to simulate metal fuels with a prescribed particle size distribution, in which each particle can have its
own properties. Hybrid mixtures of iron an aluminum are therefore also possible. Currently, little is known
of the influence of particle size distribution on flame behavior. The tool provided here could provide a lot of
insight into flame behavior as a function of more accurate size distributions. Using this knowledge reliable
and efficient power systems can be developed, relying solely on carbon-free, recyclable metal fuels.
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Particle density

A. Particle density

By definition the density of a particle is

ρp =
mp

Vp
(A.1)

The volume is provided by Eq. 2.15, but can also be written as

Vp = mp

(
1− Yb
ρu

+
Yb
ρb

)
(A.2)

Substituting this back into Eq. A.1 and rewriting provides:

ρp =
ρuρb

ρb + Yb (ρu − ρb)
(A.3)

Everything in this equation is a constant, except Yb. Therefore, Yb should be written as a function of rp. By
definition Yb is

Yb = 1− mu

mp
(A.4)

The denominator can easily be expressed in constants

mp =
4

3
πr3
pρp (A.5)

The term mu is a bit more difficult but it can be written in terms of the initial mass and the mass added
due to reactions

mu = mp,0 − S−1 mO,p (A.6)

mO,p is the mass of oxygen in the particle, i.e. the mass added due to reactions, and mp,0 is the initial mass
of the particle. Which is just the difference in initial mass and current mass,

mO,p = mp −mp,0 (A.7)

Substituting this into Eq. A.6, provides

mu = (1 + S−1)mp,0 − S−1 mp (A.8)

Which gives us an expression for the unburned mass as a function of initial and current mass. Substituting
this into Eq. A.4, provides

Yb =

(
1 + S−1

)
mp −

(
1 + S−1

)
mp,0

mp
(A.9)

Again, substituting this into Eq. A.3, provides

ρp =
ρuρb

ρb +
(1+S−1)mp−(1+S−1)mp,0

mp
(ρu − ρb)

(A.10)

Rewriting, to remove the fraction from the denominator

ρp =
mpρuρb

ρbmp + [(1 + S−1)mp − (1 + s−1)mp,0] (ρu − ρb)
(A.11)

Since we will expand the denominator, we separate it from the rest of the equation and call it den,

den = ρbmp+(1 + S−1)mpρu − (1 + S−1)mp,0ρu

−(1 + S−1)mpρb + (1 + S−1)mp,0ρb (A.12)
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Particle density

Separating the constant mp,0 from the radius dependent mp,

den = (1 + S−1)(ρb − ρu)mp,0 +
[
ρu + S−1 (ρu − ρb)

]
mp (A.13)

Since ρp = ρu at rp = rp,0, thus mp,0 can also be written as

mp,0 =
4

3
πr3
p,0ρu (A.14)

Substituting the denominator back into Eq. A.11 and writing all masses in terms of radius and density

ρp =
r3
pρpρuρb

(1 + S−1) (ρb − ρu) r3
p,0ρu + (ρu + S−1 [ρu − ρb]) r3

pρp
(A.15)

Since ρp is both in the left-hand side and right-hand side, both sides can be divided by ρp and the left-hand
size is one. Then rewriting, to separate out ρp from the denominator, provides

[
ρu + S−1 (ρu − ρb)

]
r3
pρp = r3

pρuρb +
(
1 + S−1

)
(ρu − ρb) r3

p,0ρu (A.16)

And the final step, divide everything by
[
ρu + S−1 (ρu − ρb)

]
r3
p,

ρp =
ρuρb

ρu + S−1 (ρu − ρb)
+

(
rp,0
rp

)3 (1 + S−1
)

(ρu − ρb) ρu
ρu + S−1 (ρu − ρb)

(A.17)

Or as presented in the main report:

ρp = ρ1 +

(
rp,0
rp

)3

ρ2 (A.18)

with

ρ1 =
ρb

1 + S−1 (1− τ−1)
(A.19)

ρ2 =
(1 + S) (ρu − ρb)
1 + S−1 (1− τ−1)

(A.20)
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List of symbols List of symbols

List of symbols

Sign Description Unit
∆hc Chemical heatrelease of combsution. −
λ Conductivity in the gas. W/(m K)

λf Conductivity in the film layer layer. W/(m K)

µg Dynamic viscosity of the gas. kg/(m s)

φ Fuel-equivalance ratio. −
φmax Fuel-equivalance ratio at maximum flame speed. −
ρd Dispersed density. kg/m3

ρg Density of the gas. kg/m3

ρO2,g Partial density of oxygen in the gas. kg/m3

ρ
′
O2,g Partial density of oxygen in the gas at reference conditions. kg/m3

ρO2,s Partial density of oxygen at the particle surface. kg/m3

ρp Instantanious particle density. kg/m3

ρp,b Density of a burned particle. kg/m3

ρp,u Density of an unburned particle. kg/m3

τ Ratio of burned and unburned particle density. −
Da∗ Normalized Damköhler number. −
Lei Dimensionless Lewis number for species i. −
Nu Dimensionless Nusselt number. −
Pr Dimensionless Prandtl number. −
Re Dimensionless Reynolds number. −
Sh Dimensionless Sherwood number. −
Ad Effective diffusive area. m2

Ap Surface area of the particle. m2

Ar Effective reactive area. m2

CD Drag coefficient. −
Cp Heat capacity of the particle. J/(kg K)

cp Heat capacity of the gas. J/(kg K)

DO2,f Diffusion coefficient oxygen in particle film layer. m2/s

DO2,g Diffusion coefficient oxygen in the gas. m2/s

dp Diameter of the particle. m

du,p Unburned particle diameter. m

Ea Activation energy of Arrhenius reaction. J/mol

h Enthalpy of the gas. J/kg

hi Unless i = p, Enthalpy of species i in the gas. J/kg

Hp Total enthalpy of the particle. J

hp Mass specific enthalpy of the particle. J/kg

Jh,j Flux of enthalpy and type j. W/m2

JO2,j Flux of species O2 and type j. kg/(m2 s)

K Rate coeficient in d2 law. m2/s

k0 Pre-exponential coefficient of Arrhenius reaction. m/s

kc Heat transfer coefficient. W/(m2 K)

Keff Effective rate coeficient in d2 law. m2/s

kr Surface reaction rate. m/s

ṁ Mass flow of air. kg/s

mp Mass of a particle. kg

Ṅ Flux of particles. 1/(m2 s)

ωi Source term for species i. kg/(m3 s)

Pg Pressure of the gas. bar
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List of symbols List of symbols

Sign Description Unit
Qc Conductive heat transfer. W

Qm Energy transfer due to mass transfer. W

Qr Heat release due to reactions. W

rp Radius of the particle. m

Ru Universal gas constant. J/(K mol)

S Stoichiometric coefficient, kg oxygen per kg metal −
s Flamelet coordinate. m

sL Laminar burning velocity. m/s

SO2
Gas phase source term for oxygen exchange. kg/(m3 s)

Sh Gas phase source term for enthalpy exchange. W/m3

sp Particle location within flamelet coordinates. m

t Time coordinate. s

Ta Activation temperature of Arhenius type reaction. K

Tad Adiabatic flame temperature. K

tb Burn time of a particle. s

Tg Temperature of the gas. K

Tign Prescribed ingition temperature. K

Tign,g Auto-ignition temperature of the gas. K

T
′
ign,g Auto-ignition temperature of the gas at reference conditions. K

Tign,p Ignition temperature of the particle. K

Tmax,p Maximum temperature of the particle. K

Tp Temperature of a particle. K

Tref Reference temperature of the enthalpy. K

ug Velocity of the gas. m/s

up Particle velocity. m/s

Vi Unless i = p, volume of computational cell i. m3

Vp Volume of the particle. m3

Vu,p Unburned particle volume. m3

xp Particle position. m

Yb Burned fraction of the particle. −
Yi Unless i = b, mass fraction of species i in the gas. −
ZO,j Mass fraction oxygen element in j. −
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Abstract

With the increasing demand for clean and renewable energy. Combined with, the time and location de-
pendent production of solar and wind energy. The need for a renewable energy carrier is high. Battery
and hydrogen technology has been intensively researched in recent years. Both do neither provide sufficient
energy nor power density. Because of this, metal fuels have recently come to attention. Metal fuels can com-
bust energetically in normal air, providing sufficient energy and power density. To develop reliable power
systems using metal fuels a thorough understanding of metal fuel combustion is required. Much research has
been carried out on the measurement of laminar flame speeds in dispersed metal flames. However, a wide
scatter in results from different setups is found. At the same time, limited analytical relations or numerical
methods have been developed to determine flame speeds. None of these methods is able to explain the
observed differences in the measurements. In this report, a new numerical method is developed. Which
solves both a continues gas phase, using an Eulerian description and a dispersed phase, using a Lagrangian
description. Therefore, this new method solves the largest part of the coupled continues-dispersed system.
While the resulting method currently cannot explain the differences observed in the measurements, new
insight was obtained. The influence of oxygen diffusion in the continues phase results in an effect compare-
ble to preferential-diffusion. Therefore, the ignition and combustion duration of particles within the flame
cannot easily be related to ignition and combustion duration of single particles in normal air, indicating
the importance of solving both particles and gas. The newly developed method is shown to be sensitive to
the unknown kinetic parameters. Therefore, future measurements should focus on measuring these param-
eters. Finally, it is concluded that the developed model should be seen as the first step to future research.
Extending the developed model to include effects, like flame stretch, prescribed particle distribution or radi-
ation, will provide more insight into metal flames. Which might very well explain some of the experimental
discrepancies.


