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Abstract

Fossil fuels are the major sources of energy today since they are cost-effective, easy to

transport, and energy dense. On the other hand, fossil fuels have limited reserves, and

burning them produces carbon dioxide, contributing to climate change. Thus, shifting

towards a new sustainable and environmentally friendly source of energy, such as solar,

wind, and hydropower, is essential. An energy carrier should be deployed to store the

energy of these intermittent renewable resources and transport it across the globe. In this

manner, using metal powders as fuels has been investigated over the last decades, i.e.,

metal powders are oxidized and produce energy over peak demand, and subsequently, the

oxidized powders are captured and reduced during peak production.

This thesis focuses on building a novel apparatus to demonstrate the gradual oxidation of

iron powders in a packed bed without melting. The process starts with heating iron powders

to 500◦C via an electric heater. Then, the air is fed into the preheated bed, and the oxidation

zone slowly propagates from the air inlet to the opposite end of the bed. The burner is built

at the lab scale, i.e., about 50 g of iron powder is used in each experiment. Magnetite is

considered the main product of combustion, and the combustion efficiency is determined

above 80%. Moreover, tube diameter, air flow rate, the temperature of the heater, and the

composition of powders are found to be the parameters controlling this reaction.



ii

Abrégé

Les combustibles fossiles sont aujourd’hui les principales sources d’énergie car ils sont

économiques, faciles à transporter et ont une forte densité énergétique. D’autre part, les

combustibles fossiles ont des réserves limitées et leur combustion est la principale source

d’émissions de dioxyde de carbone, contribuant au changement climatique. Ainsi, la

transition vers une nouvelle source d’énergie durable et respectueuse de l’environnement,

comme le solaire, l’éolien et l’hydroélectricité, est essentielle. De plus, un vecteur

énergétique devrait être déployé pour stocker l’énergie de ces ressources renouvelables

intermittentes et la transporter dans le monde entier. Ainsi, l’utilisation de poudres

métalliques comme combustibles a été étudiée au cours des dernières décennies.

Lorsqu’oxydées, ces poudres métalliques produisent de l’énergie qui peut satisfaire les pics

de demande. Ensuite, les poudres oxydées sont réduites lors des pics de production.

Cette thèse porte sur la construction d’un nouvel appareil pour démontrer l’oxydation

progressive de poudre de fer en lit tassé, sans fusion du carburant. Le processus commence

en chauffant les poudres de fer à 500◦C grâce à un radiateur électrique. Ensuite, de l’air est

introduit dans le lit préchauffé et les poudres de fer sont graduellement oxydées dans une

zone se propageant de l’entrée d’air jusqu’à la sortie du réacteur. Le brûleur est construit à

échelle de laboratoire, c’est-à-dire qu’environ 50 g de poudre de fer sont utilisés dans chaque

expérience. La magnétite est considérée comme le principal produit de combustion et le

rendement de combustion est de plus de 90 %. De plus, le diamètre du tube, le débit d’air,
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la température du préchauffeur et la composition des poudres ont été identifiés comme étant

les paramètres contrôlant cette réaction.
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1 Introduction

1.1 Metal Fuels

Mankind has tried to find a sustainable source of energy since the earliest time, as energy

consumption and prosperity are highly correlated. In the 1770s, James Watt used coal to

produce power in a steam engine, and in the 1880s, coal was first consumed to generate

electricity. Now, fossil fuels (coal, natural gas, and oil) are the main sources of energy as

they are cost-effective, easy to transport, and energy dense. However, a shift towards new

energy resources is essential since fossil fuels have finite reserves (Fig. 1). Moreover, the

combustion of fossil fuels produces carbon dioxide, contributing to climate change due to its

greenhouse effect, i.e., the global average surface temperature significantly increased over the

last century (Fig. 2), and an immediate and all-inclusive solution is required to limit global

warming to 1.5◦C or 2◦C [1].

Over the last decades, different methods such as carbon capture [4, 5] have been proposed to

reduce the CO2 emissions of fossil fuels burning. Additionally, scientists all over the world

investigated sustainable and environmentally friendly sources of energy such as solar [6, 7],

wind [8, 9], and hydro power [10, 11]. There are two major problems in using these resources:

they are intermittent, and some areas do not have access to sufficient sources of renewable

energy, so the energy generated in other regions should be transported to these areas.

To address these issues, several solutions have been investigated, such as use of hydrogen [12,
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Figure 1: World crude oil production, plotted by King Hubbert. According to his
prediction, oil production will be zero by the year 2200. Reprinted from [2]

Figure 2: Yearly surface temperature compared to the 20th century average from 1880-2022,
plotted by NOAA[3]
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Figure 3: The fuel should have high specific energy (only elements in periods 1-4 are
considered) and react with air (groups 15-18 are faded). It should not be rare (colored gold),
toxic, or produce toxic compounds in the reaction with oxygen (colored yellow). Furthermore,
hydrogen is eliminated due to its low energy density and storage challenges. Reprinted from
[19]

13] or lithium-ion batteries [14, 15]. Moreover, storing heat by Phase Change Materials

(PCMs) [16, 17, 18] is encouraged over the last decades.

J.M. Bergthorson proposed the use of metal fuels as a clean and compact source of energy [19].

He identified specific features that an ideal energy carrier should have, such as high specific

energy, reactivity with air, low price, and non-toxicity. Based on these criteria, he narrowed

down the elements of the periodic table that could potentially be used as fuels to those

colored green in Figure 3, and all these fuel options are metal.

Another important factor for an ideal fuel is having high energy density, enabling easy

transportation. As Figure 4 illustrates, the energy densities of metals, such as iron and

aluminum, are considerably higher than hydrocarbon fuels, liquid hydrogen, and other zero-

carbon options, including PCMs and Li-ion batteries.

Metals can burn in air or react with water to produce heat, and the main product of these
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Figure 4: Energy density and specific energy of various metals compare to hydrocarbons,
liquid hydrogen, Li batteries, and PCMs. Adopted from [19]

Figure 5: Metal Fuel Cycle. Reprinted from [20]

reactions is solid metal oxides that can be reduced. This reduction allows the metals to be

recycled and used repeatedly (Fig. 5).

Figure 6 demonstrates the amount of some of the metals reserves compared to the amount

of fuel required to power the world over a year. According to this figure, there are enough
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Figure 6: The amount of metal fuels reserves and quantities required to power world yearly

iron, aluminum, and silicon reserves to provide energy for the whole world for a year.

In conclusion, the ability to take part in the oxidation/reduction reactions along with the

low cost, abundance (Fig. 6), and high energy density (Fig. 4) motivates the use of metals

such as iron and aluminum as fuels.

1.2 Metal Combustion

For developing energy systems based on metal fuels, a fundamental understanding of the

combustion process is essential.

The combustion of solid particles is controlled by two processes: the rate of the reaction

and the diffusion of the oxidizer to the particle surface. These processes determine whether

the system is in a kinetically limited regime, where the reaction rate is slower than the
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transportation of oxidizer, or a diffusion-limited regime, where the reaction rate is faster than

the oxidizer can be transported to the particle surface. This also affects the temperature

of the particle, which is around the bulk gas temperature in a kinetically limited regime or

roughly equal to the stoichiometric flame temperature in a diffusion-limited regime [21].

Initially, a particle starts reacting in the kinetically limited regime and releases heat. The

temperature of the particle increases if the generated heat is higher than the heat loss,

causing an exponential rise in the reaction rate (Arrhenius equation), and the diffusion of

the oxidizer becomes the rate-limiting step. Generally, ignition is considered this transition

from kinetic to diffusion-limited combustion [21]. Over the last decades, the ignition of metal

particles has been investigated experimentally and qualitatively in various research [22, 23,

24, 25], and Mi et al. [26] recently suggested a successful model for analyzing the ignition of

fine iron particles.

After the reaction onset, small metal particles with a low Biot number can burn in different

modes depending on the flame temperature and boiling point. According to Glassman [27],

if the metal’s flame temperature and oxide-volatilization point exceed its boiling point, the

metal will vaporize and react in the vapor phase (Fig. 7A). However, if the flame temperature

is less than the boiling point, the metal will burn heterogeneously on the particle surface.

This heterogeneous combustion can occur in two modes (B and C), as illustrated in Figure 7.

In mode B, the gaseous metal oxides and sub-oxides are produced on the metal surface. These

gaseous products condensate again and form nano-oxides away from the particle surface. On
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the other hand, in mode C, the oxides are formed directly on the metal surface and create a

porous solid metal oxide shell, leading to a metal oxide particle larger than the initial metal

particle, i.e., the Pilling-Bedworth ratio is greater than 1.

Figure 7: Combustion modes of particles burning in the small Biot number regime.
Reprinted from [28]

1.3 Metal-based Burners

The use of metals in energy generation systems, such as chemical looping reactors and

turbulent burners, has been investigated in recent decades. While these technologies have the

potential to provide clean energy, there are still in the research stage and several technological

challenges are needed to be addressed before they can be applied in a practical energy

generation system.
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1.3.1 Chemical Looping Reactors

The concept of chemical looping was first proposed in a patent in 1954 [29]. It involves

using solid oxygen carriers in redox cycles to separate carbon dioxide from other combustion

products. The process typically consists of two reactors: the fuel reactor and the air reactor.

In the air reactor, the oxygen carrier is oxidized, and in the fuel reactor, it is reduced by

releasing oxygen to a reducing gas. Metal oxides, such as copper oxide (CuO), manganese

oxide (Mn2O3), and iron oxide (Fe2O3), are often used as oxygen carriers in this process [30].

The chemical looping conversions can be utilized for various purposes, such as the production

of syngas through chemical looping reforming (CLR) [31, 32] and gasification (CLG) [33, 34],

or hydrogen generation (CLHG) [35, 36].

Another technology based on this conversion is Chemical Looping Combustion (CLC) [37,

38] in which the metal oxides transfer oxygen from air to fuel, such as coal or natural gas, to

produce energy. The exit gases from the fuel reactor are just CO2 and water vapor, which are

not diluted by atmospheric N2 as the use of oxygen carriers prevents direct contact between

fuel and air. Thus, the main advantage of CLC is that it can produce almost pure CO2

after condensing water vapor, making it an effective method for carbon capture. Figure 8

illustrates the principle of a chemical looping combustion system.

Noorman et al. [39] proposed using packed bed reactors in CLCs, wherein the reactive

particles remain stationary while the oxidizing/reducing gases flow alternately over the bed.

Compared to the fluidized bed, the advantage of this system is that no extra energy input is
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Figure 8: Scheme of CLC process.

required to transport the powders. Moreover, the fluidized bed setup requires the attachment

of a cyclone to separate the powders from the gas stream, making the packed bed system

more compact.

Abanades et al. [40] recently proposed a novel packed CLC system which contains several

perforated air conduits within a packed bed of metal (Fig. 9). The pressurized air passes

through these conduits, and oxygen transports to the fuel via the orifices following Fick’s law

while the net flow of nitrogen is zero, i.e., inside and outside of the conduits are at the same

pressures, and metals inside the bed consume oxygen, causing a diffusive flow of oxygen due

to the gradient of the concentration.

Subsequently, a reducing gas, such as biomass or hydrogen, passes through the conduits and

reduces the oxidized metals. Thus, this technology can work as an energy storage system
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Figure 9: Scheme of a slice of the novel CLC reactor suggested by Abanades et al. [40].
Reprinted from [41]

to be cyclically charged (reduced) and discharged (oxidized), as Figure 10 illustrates. Diego

et al. demonstrated the slow oxidation of graphite in a lab-scale size of this burner [41].

Furthermore, he did a techno-economic analysis to show this burner can be used as an

energy storage system in off-grid power plants[42].

Figure 10: An energy storage system based on the novel CLC reactor suggested by
Abanades et al. [40] with high-power discharging lasting short periods of time, followed
by long charging to reduce the oxidised metal. Reprinted from [41]
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Figure 11: Some metal-fuels flames stabilized on a costum-built bunsen burner compared
to a mathane-air Bunsen flame. Reprinted from [28]

Figure 12: Concept of the turbulent burner and its possible applications at a range of
power-generation scales. Reprinted from [28]

1.3.2 Turbulent Burner

As shown in Figure 11, metal particles can be burned in direct contact with air or other

oxidizers to produce a stabilized flame.

Bergthorson et al. [28] proposed the use of a turbulent burner to generate power from metal
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powders as they can react with air at a desirable and controllable combustion rate, similar to

hydrocarbon fuels. The turbulent burner consists of a metal fuel tank, a powder-dispersion

system, a cyclonic solid-combustion-product separator, and a storage tank for the metal

oxide (Fig. 12). The energy is generated in the burner through the reaction between the

dispersed metal powders and air, and the cyclone phase-separation technology is used to

capture the produced metal oxides for recycling.

1.4 Filtration Combustion

Filtration combustion (FC) is a process in which a flow of gas infiltrates into a packed bed

of powders. It is a type of self-propagating high-temperature synthesis (SHS) [43] and can

be distinguished into natural FC and forced FC. In natural FC, the gas is supplied from

the surrounding through natural infiltration, i.e., the consumption of gas in the reaction

zone decreases the pressure inside the bed, causing the surrounding gas to infiltrate into the

porous reagent (Fig. 13a), and in forced FC, a flow of gas is fed into a packed porous bed.

Depending on the direction of the gas flow and reaction propagation, two configurations

are considered in filtration combustion: co-flow and counter-flow, i.e., the direction of the

reaction zone propagation and the oxidizer flow are the same in the co-flow (Fig. 13b) while

their directions are opposite in the counter-flow (Fig. 13c).

The theory of filtration combustion in metals was first studied by Aldushin et al. in 1976

[44]. Bayliss et al. [45] recently suggested a mathematical model for natural counter-flow
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(a) (b) (c)

Figure 13: Filtration combustion: a)Natural filtration combustion b)Co-flow filtration
combustion c)Counter-flow filtration combustion

filtration combustion, and Cordova et al. [46] did experimental studies on natural

counter-flow filtration combustion of magnesium which can be used to produce energy in

space. Moreover, filtration combustion of titanium powders was studied in various

investigations [47, 48, 49]. In this thesis, forced filtration combustion of iron powders is

experimentally investigated.

Note that filtration combustion can also refer to a process in which a mixture of gaseous

reactants infiltrates into a porous reactor. This technology is known as a heat recirculating

reactor which recycles the energy produced in the combustion by preheating the reactants

with it [50, 51], and it is not investigated in this research.
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1.5 Smouldering Combustion

Another form of combustion that can occur in porous fuels is smouldering, in which solid

porous hydrocarbons such as coal, wood, and organic fibers are oxidized in a slow, low-

temperature, and flame-less exothermic reaction.

In flaming combustion of hydrocarbons, the oxidizer reacts with fuel in the gas phase (similar

to mode A), while in smouldering combustion, the oxidation takes place on the solid surface

of the fuel (Fig. 14). Generally, smouldering operates under oxygen-limiting conditions, and

increasing the air flux leads to a transition to flaming combustion [52].

Figure 14: Flaming combustion vs smouldering combustion in organic soil. Reprinted
from [53]

Smouldering combustion has been mostly studied from a fire-safety perspective due to its

residential and environmental hazards, i.e., smouldering combustion triggers a considerable

amount of residential fires [54] and wildfires [55] since it is not detectable or extinguishable



1 Introduction 15

via conventional methods.

There are critical differences between the combustion phenomena observed in this thesis

and smouldering combustion, e.g., pyrolysis is an important step during smouldering, which

does not happen in metal combustion. However, it is still a valuable analog as in these

experiments, the iron powders burn at low temperatures due to the lack of oxidizer.

1.6 Fundamentals of Iron Oxidation

The mentioned combustion modes and ignition theory cannot be applied to this research

as the temperature is kept relatively low; therefore, the kinetic rate does not considerably

increase (Arrhenius equation), and the iron particles do not ignite. In this section, the theory

of high-temperature oxidation of iron is briefly discussed.

Wüstite (FeO), magnetite (Fe3O4), and hematite (Fe2O3) are different types of iron oxides

(Fig. 15). Wüstite is mostly referred to as FeO, but it is actually Fe1−xO where x varies

at any given temperature. Wüstite stability expands at higher temperatures, and it is not

stable below 570 ◦C. Magnetite (black to gray oxide) and hematite (reddish brown oxide)

are the most common forms of the iron oxide existing naturally.

Paidassi found the thicknesses of the Fe2O3, Fe3O4, and FeO layers at 700 to 1250 ◦C are

1%, 4%, and 95% of the overall thickness of the oxide, respectively (Fig. 16) [56]. At 570-

700 ◦C, various thickness ratios of the oxides layers were observed in different studies [57],

and at below 570 ◦C, scale structure is completely different as Wüstite is not stable at this
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Figure 15: Iron phase diagram. Reprinted from [58]

Figure 16: A cross-section view of an iron oxide sample. Reprinted from [26]

temperature range.

According to Wagner’s theory, the growth of the oxide layers depends on the diffusivity of
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ions and follows the parabolic law [59]. Wagner’s theory was extended to the growth of a

multilayered oxide film on iron, i.e., the growth of each oxide layer in iron oxides relates to

the diffusion of Fe cations in the oxide layers [60, 61]:

dXi

dt
=
k′

x,i

Xi

→ X2
i = kx,it+Xi,0 (1)

Where Xi is the thickness of the oxide layer, kx,i(= 2k′
x,i) is the parabolic rate constant, X0,i

is the initial scale thickness, and i is the index of each oxide layer. Moreover, k′
x,i depends

on the temperature by an Arrhenius function [62]:

k′
x,i = k0,iexp(−Ta,i

T
) (2)

Where k0,i is a constant and Ta,i is the activation temperature for the growth of oxide layers.

The values of k0 and Ta for FeO and Fe3O4 is reported in Table 1.

k0(m2s−1) Ta (K)
FeO 2.670 × 10−4 20319

Fe3O4 1.027 × 10−6 21310

Table 1: Parameters for the parabolic growth of FeO and Fe3O4 [26].

1.7 Objectives

According to the previous sections, iron is a promising fuel for a zero-carbon future, and

different systems, including CLC and turbulent burner, were suggested for generating power
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(a) (b)

Figure 17: Scheme of the packed bed burner during a)Discharging (oxidation) b)Charging
(reduction)

through iron combustion.

This research proposes a novel technology based on iron that can release heat at a controllable

rate and relatively low temperature. In this burner, a small flow rate of air is fed into

a packed porous bed of iron powders (forced filtration combustion), and oxidation starts.

The temperature and the rate of the reaction are kept low by restricting the oxidizer flow

(smouldering combustion).

Similar to the CLC system illustrated in Figure 10, once the iron powders are fully burned,

hydrogen is fed into the bed to reduce the oxidized powders. Thus, this burner works between

oxidation and reduction cycles and is successively discharged and charged (Fig. 17).

This system does not require the permeable conduits of the Abanades et al. [40] setup (Fig. 9),

reducing the cost and complexity of the production. Moreover, using iron powders in the
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turbulent burner leads to a combustion temperature over 2200 K [28], causing thermal NOx

emission, while in this burner, no pollutants are produced as the low operating temperature

prevents NOx formation.

The scope of this thesis is:

• Demonstrating low-temperature and slow filtration combustion of iron powders.

• Identifying the key parameters controlling this reaction.

In order to achieve the mentioned goals, an apparatus is designed and built, enabling the

filtration combustion of iron powders. Then, various experiments were conducted to gain a

better understanding of this reaction, i.e., the effect of powder composition and the airflow

rate was investigated by measuring different parameters, including combustion

temperature, time of the reaction, combustion efficiency, speed of the combustion wave,

rate of iron consumption, and pressure drop over the bed.
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2 Apparatus

This apparatus consists of a porous packed bed of iron powders which react with air to

release heat in a controllable rate and relatively low temperature.

In this chapter, different aspects of this setup, such as its design and any potential limitations

or challenges associated with it, are discussed.

2.1 Preheating

The reactants (iron powders and air) must be heated in order for the combustion reaction to

start. This can be done by using various heating methods, such as heating iron powders via an

induction heater, an electric heater, or a flame (such as a methane/air flame). Additionally,

it is also possible to heat the input air using an electric heater, as this has been tested in a

few experiments. Once the reaction initiates, it becomes self-sustaining, meaning that the

produced energy is enough to keep it going.

2.1.1 Methane Air Flame

Using a methane/air flame for preheating the iron bed is a possible method for initiating

the combustion reaction. Fig. 18 and 19 illustrate the burner used in the first campaign

to test this idea. The burner uses a stoichiometric mixture of methane and air that flows

from the bottom, and a spark ignitor is used to ignite the mixture inside the alumina foam.

The ceramic wool is placed at the bottom and top of the iron bed as a filter, and a spring is
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located at the top of the bed to keep it packed. This setup allows for the efficient preheating

of the iron powders and initiation of the combustion reaction.

Figure 18: The reactor used in the first campaign

Figure 19: A simple sketch of the apparatus used in the first campaign
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2.1.2 Electric Heater

In this iteration, Watlow ceramic fiber heaters [63] were used for preheating. These heaters

are known for their high temperature heating elements and ability to reach temperatures

up to 2200 ◦F, and a thick layer of ceramic fiber insulation is used to isolate the heating

chamber.

During the second campaign, heating input air via these heaters was tested (Fig. 20 and

21). This was done by using three semi-cylindrical heaters to increase the air’s temperature

while it was passing through a stainless steel tube before flowing to the bed. This warm air

preheated the bed until it reaches the desired temperature.

Figure 20: The apparatus used in the second campaign
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Figure 21: A simple sketch of the apparatus used in the second campaign

The results of these two campaigns, which is discussed in chapter 3, leads to our final design

in which the heaters are placed around the combustion chamber to directly preheat the iron

powders (Fig. 22 and 23).

(a) (b)

Figure 22: The apparatus used in the third campaign
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Figure 23: A simple sketch of the apparatus used in the third campaign

2.2 Sealing

Leakage was a significant issue in the first and second campaigns. To address this problem,

a precise sealing calculation was performed for the final design, resulting in a more effective

sealing system. The final burner design includes a quartz tube that is glued to a stainless

steel disk, and the disk is screwed to a stainless steel flange that is connected to the gas line

as illustrated in Figure 24. This design provides a more reliable seal, preventing gas leakage

and ensuring the proper operation of the burner.

Silicon adhesive has been used to attach the quartz tube to the disk. The heaters and the

iron bed are placed about 3 in above the joint (Fig. 22b) as not to degrade the quality of

the sealant, given that the maximum operating temperature of the adhesive is 600◦F. In the

early tests of this campaign, ceramic adhesive, which is compatible with high temperature

(3000 ◦F), was used; however, it was not successful due to the porous nature of ceramic,

leading to leakage in the joint.
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Figure 24: The apparatus used in the experiments

A graphite gasket is placed between the disk and the flange, and they are all bolted together.

Fang et al. [64] suggested following seven steps to determine the required bolts torque for

establishing a seal. These steps involve factors such as the size and material of the gasket,

the number of bolts used, and the desired level of tightness for the seal. By following these

steps, the final design of the burner is likely to be more effective at preventing gas leakage,

leading to improved performance.

1. Minimum tightness parameter (TPmin):

TPmin = 0.1242 × C × PD (3)
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Where C is a constant determined with respect to the tightness class, and PD is the

pressure inside the burner (psi).

2. Tightness ratio (Tr):

Tr = log(1.5TPmin)
log(TPmin) (4)

3. Required theoretical seating stress (Sya, psi):

Sya = Gb

e
(1.5TPmin)a (5)

Where Gb and a are the intercept and slope of the tightness graph given by gasket

manufacture. Moreover, e depends on the method of bolt seating, i.e., it is 0.75 for

manual and 1 for machine.

4. Minimum design stress (Sm, psi): The highest value between seating stress component

(Sm2), operating stress component (Sm1), and 2PD:

Sm2 = Sya

1.5 − PD
AH

AG
(6)

Sm1 = Gs(e× Sya

Gs
)

1
Tr (7)
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Where AH and AG are the hydro static area and gasket area respectively:

mean diameter of gasket: G = OD + ID

2 in (8)

AH = π

4G
2 , AG = π

4 (OD2 − ID2) in2

5. Optimum bolt load (Wm , lbf ):

Wm = PDAH + SmAG (9)

6. Actual bolt load (Wmo, lbf)

Wmo = Wm

0.85 (10)

7. Required bolt torque (T, in.lbf/bolt):

Force per bolt: Fi = Wmo

number of bolts (11)

T = Fi × k ×D (12)

Where D is the nominal bolt diameter, and k is the bolt friction factor. The bolt

friction factor is generally lower for well-lubricated bolts, typically around 0.15, and

for non-lubricated bolts, it is around 0.25. In this research, a mean value of 0.2 is
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used as Fang et al. [64] suggested, which takes into account both lubricated and

non-lubricated bolts.

Based on these steps and the given parameters of the APX2 graphite gasket [65] with ID =

3 in and OD = 4.5 in, a torque of approximately 180 in.lbf should be applied to eight 1/4

in-bolts to achieve a standard class of tightness (C = 1) in the final design of the burner

when the air pressure inside the setup is assumed to be 2 atm (29.4 psi). The torque level is

checked with a torque wrench to ensure the seal is tight enough.

2.3 Mass Flow Controller

Mass flow controllers (MFCs) are used to control the gas flow rate. In this research, SLA5800-

series Brooks MFCs [66] are used, which are connected to a black box that allows them to

communicate with a PC. The MFCs are calibrated using a DryCal ML-500 dry-piston [67],

which is a primary standard flow calibrator. The use of calibrated mass flow controllers

ensures that the results are accurate and can be replicated by others.

The uncertainty of MFC consists of linearity error and repeatability error which are 0.12%

of full scale (5 SLPM = 83.3 cc/s) and 0.2% of the readings, respectively. Moreover, the

DryCal provides an accuracy of 0.45% of the readings. The air is fed into the bed at 10 cc/s

in the last campaign; therefore, the uncertainty of the airflow rate in this campaign is equal

to 0.054 cc/s:
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Linearity Error of the MFC = 0.12%FS = 0.0012 × 83.33 cc/s = 0.010 cc/s

Repeatability Error of the MFC = 0.2%SP = 0.002 × 10 cc/s = 0.020 cc/s

Uncertainty of the MFC = ωMFC = Linearity Error + Repeatability Error = 0.030 cc/s

Uncertainty of the DryCal = ωDryCal = 0.45%SP = 0.0045 × 10 cc/s = 0.045 cc/s

Uncertainty of the system =
√
ω2

MFC + ω2
DryCal = 0.054 cc/s (13)

2.4 Powders

Iron powders with spongy flake structure are used in this research (Fig. 25). They are

produced from high purity iron ore by hydrogen reduction method, and the apparent density

is between 1 and 1.5 g/cc. Table 2 represents the results of the screen analysis of these

powders and shows the percentage of the powders that passed through different mesh sizes.

Mesh size Min Max
+20 – 2%

-20,+60 30% 70%
-60,+100 10% 35%

-325 – 12%

Table 2: Results of screen analysis of iron powders provided by the supplier [68]

In the last campaign, iron powders were mixed with nonporous spherical alumina ceramic

powders to prevent melting. The mesh size of the ceramic particles is -48 (300 µm) [69].
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Figure 25: An SEM image taken from iron powders

2.5 Pressure Drop

A pressure drop occurs when a fluid passes through a porous medium due to frictional forces

within the pores. It is important to accurately predict the pressure drop in this system

in order to ensure that the downstream end of the bed has sufficient pressure to properly

function.

Equation 14 is a widely used method for predicting the pressure drop in a packed bed of

porous material proposed by Ergun in 1952 [70]. It describes the relationship between the

pressure drop (∆P ), the length of the bed (L), the fluid viscosity (µ), porosity of the bed

(ϵ), the fluid inlet velocity (u0), the particle diameter (ds), and the fluid density (ρ).

∆P

L
= 150µ(1 − ϵ2)u0

ϵ3d2
s

+ 1.75(1 − ϵ)ρu2
0

ϵ3ds

(14)
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Equation 14 is specifically designed for porous beds consisting of spherical particles. If the

particles in the bed have a different shape, a ”sphericity factor” (ψ) should be used to modify

Equation 14, resulting in Equation 16.

ψ = surface area of sphere with equal volume to the nonspherical particle
Surface area of the nonspherical particle (15)

∆P

L
= 150µ(1 − ϵ2)u0

ϵ3d2
sψ

2 + 1.75(1 − ϵ)ρu2
0

ϵ3dsψ
(16)

In the final campaign, the airflow rate is constant at 3.5 cm/s passing through a 12-cm bed

consists of highly porous iron particles and nonporous ceramic powders (Section 2.4). To

estimate the pressure drop via the Ergun equation, it is assumed that the bed consists of

300-micron spherical powders. As the Figure 26 demonstrates, the pressure drop can be

quite high in this case and can cause the quartz tube to become a pressure vessel, which is

not desirable due to the brittle nature of quartz. To address this issue, a pressure relief valve

is installed in the upstream of the bed with a set point of 25 psig.

In summary, this chapter discussed different aspects of an apparatus used to test the filtration

combustion of a packed bed of iron powders. Various options were considered for preheating

the iron powders, including using a methane/air flame or electric heaters. In the final

campaign, the setup is perfectly sealed and involves a quartz tube attached to a stainless

steel disk surrounded by the electric heaters. Air is fed to a bed consisting of spongy flake



2 Apparatus 32

Figure 26: Pressure drop in a packed bed consists of spherical particles with d = 300 µm
while the airflow rate is 3.5 cm/s.

iron powders mixed with spherical ceramic particles. Moreover, a pressure drop occurs when

air passes through the bed, and a pressure relief valve is installed to secure the apparatus.
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3 Experiments

In this chapter, the methodology and results of the three campaigns are discussed.

3.1 First Campaign: Preheating Bed via Methane Air Flame

In the first campaign, a methane air flame is used for preheating the iron bed (Fig. 18).

3.1.1 Methodology

These experiments involves preheating the bed with the flame at a stoichiometric ratio

(ϕ = 1), then cutting off the methane and introducing air to the bed (Fig. 27). The range

of airflow rates tested in this campaign is provided in Table 3.

Figure 27: Diagram of the first campaign apparatus
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Airflow Rate During Preheating (ϕ = 1) 40 - 100 cc/s
Airflow Rate During the Iron Combustion 25 - 250 cc/s

Table 3: Range of the airflow rate tested in the first campaign

3.1.2 Results and Discussion

The qualitative behavior of this technology was examined in this campaign. Air is fed into the

bed after the preheating, and an orange zone representing the combustion front is observed

(Fig. 28). This orange zone slowly propagates from the bottom of the bed to the top as air

is introduced.

Moreover, it is observed that increasing the airflow rate brightens the combustion zone,

indicating a higher temperature at the combustion front and causing a considerable amount of

melting inside the bed; on the other hand, decreasing the airflow rate quenches the reaction.

Therefore, the reaction is controlled by the airflow rate. The same phenomena occurs in

the smouldering combustion as increasing the airflow rate leads to transition to the flaming

combustion.

Figure 28: The combustion front, first campaign
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Furthermore, the results of this campaign points out two main problems that occur because

of using a methane air flame for preheating at the bottom of the iron bed:

• The first problem is that a significant portion of the iron bed melts during this

campaign, which is not desirable since it leads to the formation of channels inside the

bed (Fig. 29), which can act as passages for air or hydrogen, causing an incomplete

oxidation or reduction. Moreover, preventing sintering of powders is a laudable goal

for any metal-based technologies since pulverising the metal consumes a considerable

amount of energy.

This melting is particularly concentrated at the bottom parts of the bed that are

exposed to the high-temperature methane air flame, i.e., the adiabatic flame

temperature of methane, and air is around 2000°C, while the melting point of iron is

1538°C.

Figure 29: An oxidized iron bed produced in the first campaign

• The second problem is that the iron bed is partially oxidized with the hot water vapor

(product of methane air combustion) during the preheating process which is visible in
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the Figure 30 as colourful hydroxides formed on the surface of the bed. This oxidation

before the combustion process reduces the efficiency of the system.

Figure 30: Colourful iron hydroxides (Fe(OH)2 and Fe(OH)3) produced during the
preheating process.

3.2 Second Campaign: Preheating Air via Electric Heater

The second campaign is focused on addressing the problems encountered in the first campaign

by using electric heaters for preheating instead of a methane air flame. This is done to avoid

the issue of melting observed in the first campaign by controlling the preheating temperature.

3.2.1 Methodology

In the second campaign, three electric heaters are used for preheating the input air before

it is introduced to the iron bed (Fig. 20).

Figure 31 demonstrates the setup of this campaign consisting of electric heaters, a pressure

transducer, and thermocouples. The pressure transducer is used to track the pressure drop

over the bed, while four k-type thermocouples, including T0, T1, T2, and T3, are used to
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monitor the temperature of the inlet air, the bottom of the iron bed, the top of the iron bed,

and the exhaust air, respectively. These sensors are connected to a data acquisition system

called LabJack T7-Pro [71] which is used to record the data.

The air (Air 1) is passed through a heat exchanger that is filled with ceramic balls and

placed inside the electric heaters. This hot air is then passed over the iron bed to raise

its temperature. The initiation of combustion is determined by monitoring T1, i.e., when

a sharp increase in T1 is observed, it means the combustion has initiated. The air supply

is then switched to the cold air (Air 2), and the combustion front (orange zone) slowly

propagates from the bottom to the top of the bed.

Figure 31: Diagram of the second campaign apparatus
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3.2.2 Results and Discussion

This campaign provides a better understanding of the whole reaction by monitoring the

temperature and the effect of heat loss on the system. The temperature of the inlet air (T0)

is measured over 800 ◦C when the reaction initiates. Figure 32 demonstrates the temperature

at the bottom (T1) and top (T2) of the bed from the moment the heater was turned on to

when the orange zone (combustion front) was quenched in one of the experiments in this

28-test campaign. After about 45 minutes of preheating, a sharp inflection is observed in T1

indicating the start of the reaction. The time delay between the peak of T1 and T2 implies

the combustion front propagation.

Figure 32: Temperature of the bottom (T1) and top (T2) of the iron bed in one of the
tests in the second campaign
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Temperature at the bottom of the bed (T0) when the reaction initiates is much lower than

the adiabatic flame temperature of methane/air which is about 2000 ◦C. Therefore, it is

expected that using an electric heater for preheating the air prevents the melting of the iron

bed which was one of the major issues of the first campaign; however, a small portion of

the bed melts (Fig. 33) due to the high temperature resulting from heat generation during

iron oxidation. To address this problem, in the third campaign, the iron powders are mixed

with inert particles (ceramic powders) which absorb this heat and reduce the temperature

of within the bed.

Figure 33: Melting within the bed in one of the tests of the second campaign

Additionally, the preheating time is considerably long (45 min) and during this time, the

iron powders are exposed to the hot air blowing to the bed, leading to partial oxidation

before the combustion. To avoid this problem and reduce the preheating time, in the third

campaign, the heater is placed around the bed to preheat the iron powders directly instead

of preheating the air.

The results of the second campaign also note that the system is highly sensitive to heat loss,

i.e., covering the burner with thermal insulation (Fig. 34), using thermocouples with different
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diameters, or thermocouples with various sheath materials can considerably affect the results.

In conclusion, small changes can have impact on the heat loss which can significantly affect

the overall performance and results of the system, and it is important to carefully control

and monitor the heat loss in this system to obtain accurate and consistent results.

Figure 34: Placing ceramic wool as thermal insulation around the quartz tube to reduce
the heat loss to the environment

3.3 Third Campaign: Preheating Bed via Electric Heaters

The last campaign aims to address the problems encountered in the first and second

campaigns, by using ceramic powders mixed with iron powders to prevent melting, and

also by placing the heater around the iron powders to reduce the preheating time and avoid

partial oxidation before the combustion.
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3.3.1 Methodology

Two semi-cylindrical radiant heaters are placed around a 1.9-cm-diameter quartz tube which

is filled with a mixture of iron and ceramic powders. A thermocouple is used to monitor

the heaters’ temperature, and it is connected to a relay [72] and a PID controller [73] to

maintain the temperature of the heaters around the set point (Fig. 35).

Figure 35: Diagram of the final apparatus

In these experiments, the heaters are heated up to 500 ◦C, then air is fed to the bed,

and the combustion initiates. To control the heat loss, the heaters’ temperature is kept

constant at 500 ◦C during the test. Moreover, no thermocouple is placed inside the bed

since the thermocouples work as heat sinks and affect the heat loss of the bed. Instead, the

temperature is monitored via an infrared camera [74] through a narrow gap between the

heaters (Fig. 22). The transmissivity of the quartz tube is considered in the IR Camera’s
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recordings; therefore, the measured temperatures of the bed surface are roughly accurate.

In summary, not using thermocouples inside the bed while the environment temperature is

constant at 500 ◦C leads to have a better control of the heat loss and to have more accurate

results.

3.3.2 Results and Discussion

In the second campaign, melting inside the bed is observed due to the considerable amount

of heat generated as a result of combustion of iron powders, and to address this problem, the

iron powders are mixed with inert particles (alumina ceramic powders) in this campaign.

Han [75] suggests Equation 17 to determine the temperature distribution in a cylindrical rod

with internal heat generation where k is the conductivity of the rod, q̇ is the rate of heat

generated inside the cylinder per volume (W/m3), and c1 and c2 are constants, which are

determined according to the boundary conditions.

T (r) = −q̇r2

4k + c1 ln r + c2 (17)

In a symmetric boundary condition (Fig. 36), temperature profile within the bed is:

T (r) = Ts + q̇r0
2

4k (1 − r2

r02 ) (18)

Equation 18 can be used to estimate the maximum surface temperature (Ts) which does not
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Figure 36: Cylindrical rod with internal heat generation [75]

lead to melting in the middle the bed, i.e., find Ts when the temperature at the center of

the bed (T (r = 0) = T0) is equal to 1800 K which is iron’s melting point. This equation is

based on the thermal conductivity of the bed (k) and the rate of generated heat per volume

over the oxidation (q̇).

The effective conductivity of a porous material (ke) depends on the conductivity of the solid

(ks), fluid (kf ), and porosity (ϵ). In this thesis, ks is the conductivity of iron (80 W/m.k),

kf is the conductivity of air (0.026 W/m.k), and the porosity of the bed is estimated 0.81

by Equation 19.

ϵ = Volume of the Void Space
Total Volume of the Bed =

Vbed − miron powders
ρiron

Vbed
(19)

The geometric means model is used to determine the effective conductivity of the bed.

According to this model [76], the effective conductivity can be calculated by taking the

geometric mean of the conductivity of the solid and fluid (Equation 20).
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ke = kϵ
fk

1−ϵ
s (20)

To determine the rate of heat generated by the reaction, the main product of the combustion

is considered Fe3O4:

3Fe + 2(O2 + 3.76N2) −−−→ Fe3O4 + 7.52N2 + qoxidation (21)

qoxidation = −(
∑

Nh̄products −
∑

Nh̄reactants) = h̄f
o

Fe3O4
(22)

qgen in Equation 23 takes into account the change in the enthalpy of the iron powders and

the products due to the heating by the electric heaters.

qgen = qoxidation +(ho
Theater

−ho
298.15))Fe3O4 +7.52(ho

Theater
−ho

298.15)N2 −3(ho
Theater

−ho
298.15)Fe (23)

The temperature of the heaters is contant at 500 ◦C, and the values of ho
fFe3O4

and ∆ho are

taken from NIST Chimistry WebBook [77].

The heat generated per volume (W/m3) can be calculated via Equation 24, where ρair is the

density of air, uair is the velocity of air fed into the bed, r0 is the radius of the burner, and

MWair is the molar weight of air.
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q̇gen = qgenρairuairπr
2
0

9.52MWair

q̇ = q̇gen

length of the combustion zone × πr2
0

(24)

In this research, the combustion zone is defined the part of the bed which is over 1000 K.

According to the experimental data resulted when air velocity is roughly 3.5 cm/s (10 cc/s

air is fed into a 1.9-cm-diameter tube), the length of the combustion zone is about 4.3 cm

when no ceramic powders used inside the bed (Fig. 37a) while it increases to 5.6 cm when

just 10% of the volume of the bed consists of ceramic powders (Fig. 37b).

Figure 38 demonstrates the maximum surface temperature for burners with various diameters

that does not cause melting in the center of the bed when air velocity is 3.5 cm/s, i.e., the

temperature at the center of the bed is 1800 K (iron’s melting point) and uair = 3.5 cm/s.

The graph shows that for a burner with a diameter of 1.9 cm (the dimension of the quartz

tube used in these experiments), the maximum surface temperature which does not lead to

melting inside the bed is 1122 K for an iron bed and 1279 K for a bed contains 10% ceramic

powders. This calculated temperature is higher than the surface temperature measured by

the IR camera in an iron bed (Fig. 37a) and less than the surface temperature in a bed with

10% ceramic powders (Fig. 37b). Therefore, portions of the bed are expected to melt in the

former case, while adding ceramic powders prevents melting in the latter case. Fig. 39 shows

that the experimental results match with the prediction of this simple model, and adding
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(a) (b)

Figure 37: IR images showing the combustion zone in two different tests with various
powder composition: a) No ceramic powders used. b) 10% of the volume of the bed consists
of ceramic. Temperature bar is in Kelvin.
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Figure 38: The maximum surface temperature which does not lead to melting inside the
bed over the tube’s diameter for a pure iron bed and when 10% of the volume of the bed
consists of ceramic powders.

10% ceramic powders to the bed is sufficient enough to prevent melting when the airflow

rate is 10 cc/s, and the tube’s diameter is 1.9 cm.

Moreover, Fig. 38 indicates using smaller combustion chamber could lead to a more uniform

temperature profile within the bed, avoiding melting at the center of the bed.

In conclusion, the rate of heat generation per volume (q̇) determines the temperature of the

bed, and mixing inert particles with iron powders decreases q̇, lowering this temperature.

Similar to the observations of the previous campaigns, the combustion is controlled by airflow

rate in these experiments. When the airflow rate is 5 cc/s, the combustion front is not

observed inside the bed. However, when the airflow rate is increased to 10 cc/s, an orange
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(a) (b)

Figure 39: a)The gas channels resulted from melting inside the bed is observed in the
oxidised bed when no ceramic powders mixed with iron powders. b)No melting is observed
when 10% of the volume of the bed consists of ceramic powders, airflow rate = 10 cc/s and
combustion chamber’s diameter = 1.9 cm.

zone is generated, which slowly moves from the bottom of the bed to the top, as shown in

Figure 40.

As the airflow rate is increased, the combustion front becomes hotter and propagates faster

inside the bed. Figure 41 demonstrates the results of two different tests with the same

powder content and various airflow rates (10 cc/s and 15 cc/s). It is observed that when

the airflow rate is 10 cc/s and 15 cc/s, the combustion front passes along the bed in 55 min

and 45 min, respectively. Moreover, the results of the experiments show that portions of

the bed melt when the airflow rate is 15 cc/s and less than 40% of the volume of the bed

consists of ceramic powders, while no melting is observed when over 10% of the volume of

the bed consists of the ceramic powders and the airflow rate is 10 cc/s, meaning that the

temperature of the bed with 10 cc/s airflow is lower than the temperature of the bed with

15 cc/s airflow.

In order to investigate the other effects of decreasing the rate of heat generation per volume
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(a) Digital Camera

(b) IR Camera

Figure 40: Combustion front propagation during one test. The bed consists of iron powders
(no ceramic is used) and airflow rate is 10 cc/s. Shots are taken in equal time steps.
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(a) 10 cc/s

(b) 15 cc/s

Figure 41: Combustion front propagation during two different tests: 40% of the volume of
the bed consists of ceramic powders, and airflow rate is a)10 cc/s and b)15 cc/s. Temperature
bar is in Centigrade, and shots are taken in equal time steps.
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by adding ceramic powders to the bed, the combustion of various powder compositions with

a constant airflow rate of 10 cc/s is tested, i.e., a factor named CVR is defined (Equation 25)

which is varying from 0% (pure iron bed) to 60% in the following experiments. The results

of these tests are illustrated in Figure 42 and are also summarized in Table 4.

Ceramic Volume Ratio (CVR) = Volume of the Ceramic Powders
Total Volume of the bed (25)

Table 4 provides information on the mass of iron powders (second row), mass of ceramic

powders (third row), mass of the bed after the experiment (oxidized iron powders besides

alumina particles, fourth row), as well as the amount of time it takes for the combustion

front to propagate from the bottom of the bed to the top (fifth row).

Ceramic Volume Ratio (CVR) 0 10% 20% 30% 40% 50% 60%
Mass of Iron Powders (g) 51.6 50.0 48.1 41.9 36.1 30.2 23.3

Mass of Ceramic Powders (g) 0 8 15.4 23.6 31.1 40 47.2
Mass of the Oxidized Bed (g) 69 73 78 77 77 78 76

Time of the Test (min) 100 85 80 65 55 45 30

Table 4: Results of the tests with various powder compositions, campaign 3

The oxidized iron bed looks like a cartridge, and its solidity decreases as the CVR

increases. Figure 43 demonstrates the appearance of the oxidized iron powder at different

CVRs. As it is discussed, when CVR = 0 and airflow rate= 10 cc/s, a small portion of the

bed melts; however, adding ceramic to the bed prevents melting as it increases the length

of the combustion zone (Figure 42).

Table 5 indicates the results of the XRD analysis performed on the oxidized powders.
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(a) t = 10 min

(b) t = 20 min

(c) t = 30 min

Figure 42: IR images of different tests over 30 minutes: airflow rate is 10 cc/s, and the
CVR is different between 0% and 60%. Temperature bar is in Centigrade, and shots are
taken in equal time steps
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Figure 43: Oxidized bed produced in different tests with various powder compositions.
Airflow rate is 10 cc/s, and the CVR is different between 0% and 60%
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According to section 1.6, FeO is the main product of iron oxidation at high temperatures;

however, it is not stable below 570◦C and should be converted to Fe3O4 and Fe2O3 as the

bed cools down. On the other hand, during the cooling process of the bed, the iron

powders were not exposed to sufficient oxygen for this conversion to occur. Consequently,

some amount of FeO was observed in the XRD analysis, although it’s unstable at room

temperature.

CVR Fe(Wt.%) Fe3O4(Wt.%) Fe2O3(Wt.%) FeO(Wt.%) Al2O3(Wt.%)
0% 15.8 45.9 28.8 9.4 0
10% 10.2 36.8 34.9 9.7 8.4
20% 4.7 31.2 40.7 8.3 15.1
30% 10.2 35.6 26.0 5.0 23.2
40% 11.2 29.8 18.2 7.1 33.6
50% 4.9 17.8 17.0 4.9 55.4
60% 7.1 17.3 9.1 7.2 59.2

Table 5: Results of the XRD analysis conducted on the oxidized powders of various tests.
Airflow rate is 10 cc/s, and the CVR is different between 0% and 60%.

The combustion efficiency is defined as the mass gained through the reaction over the mass

that could be added in the case that all iron powders convert to Fe3O4, which is considered

to be the ideal product in these tests (Equation 26).

Combustion Efficiency = moxidized bed −minitial bed

mbed if all iron powders convert to Fe3O4 −minitial bed
(26)

The combustion efficiency can be calculated according to the results of the XRD analysis,

e.g., in no ceramic case (CVR = 0%), consider 100 g of oxidized powder, with the composition
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determined by XRD, is available. The initial mass of iron in this sample can be calculated

as follows

munburnt Fe = 15.8g (27)

mFe in Fe3O4 = 45.9gFe3O4 × 1 moleFe3O4

MWFe3O4

× 3 moleFe

1 moleFe3O4

× MWFe

1 moleFe
= 33.21g (28)

mFe in Fe2O3 = 28.8gFe2O3 × 1 moleFe2O3

MWFe2O3

× 2 moleFe

1 moleFe2O3

× MWFe

1 moleFe
= 20.14g (29)

mFe in FeO = 9.4gFeO × 1 moleFeO

MWFeO
× 1 moleFe

1 moleFeO
× MWFe

1 moleFe
= 7.31g (30)

mFe in initial bed = munburnt Fe +mFe in Fe3O4 +mFe in Fe2O3 +mFe in FeO = 76.46 (31)

To determine the total mass of the initial bed, the mass of alumina mentioned in Table 5

should be added to the mass of iron.

minitial bed = mFe in initial bed +mAl2O3 (32)

Then, the mass of the bed if all iron powders converts to Fe3O4 can be determined according
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to Equation 33.

mIdeal = mFe in initial bed × 1 moleFe

MWFe
× 1 moleFe3O4

3 moleFe
× MWFe3O4

1 moleFe3O4

+mAl2O3 = 105.67g (33)

In conclusion, 100 g oxidized powders with the composition determined by XRD are derived

from 76.46 g initial powders. Moreover, assuming the entire iron powders in the initial bed

ideally convert into Fe3O4, the final mass after oxidation will be 105.67g. Therefore, the

combustion efficiency determined via Equation 26 is

Combustion Efficiency = 100 − 76.46
105.67 − 76.46 = 0.81 (34)

Table 6 demonstrated the calculated mass and combustion efficiency for each case.

CVR Fe in Fe3O4 Fe in Fe2O3 Fe in FeO minitial mfinal,ideal Combustion Eff.
0% 33.21 20.14 7.31 76.46 105.67 0.81
10% 26.63 24.41 7.54 77.18 103.45 0.87
20% 22.58 28.47 6.45 77.30 101.05 0.96
30% 25.76 18.19 3.89 81.23 103.40 0.85
40% 21.56 12.73 5.52 84.61 104.10 0.79
50% 12.88 11.89 3.81 88.88 101.67 0.87
60% 12.52 6.36 5.60 90.78 102.84 0.76

Table 6: Determining the mass of the initial bed for 100g oxidized powders according to
the XRD results.

Furthermore, the combustion efficiency can be calculated by the mass of the bed at the

beginning and end of the test , as reported in Table 4, and by determining the final ideal
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mass using Equation 33.

Figure 44 demonstrates the values of the combustion efficiency for different cases, calculated

through these two methods.

Figure 44: Combustion efficiency of different powder compositions, calculated according
to the mass of the oxidized bed vs. results of the XRD analysis.

The oxidation of iron with air depends on temperature, as discussed in Section 1.6. Figure 40

demonstrates that the temperature of the reaction front is not constant during combustion.

Therefore, the XRD analysis does not provide a comprehensive representation of the powder

composition throughout the entire bed as it is conducted on a small portion of the bed. This

leads to a difference between the combustion efficiency calculated by measuring the mass of

the oxidized bed and the XRD analysis.
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The combustion efficiency calculated by measuring the mass of the oxidized bed decreases

as the CVR increases since raising CVR leads to a lower-temperature combustion inside the

bed. However, the same result is not observed in the calculations using the XRD analysis

due to the fact that the powders were not taken from the same location in each bed, resulting

in oxidation occurring under different conditions.

Moreover, increasing CVR reduces the duration of the test as it decreases the amount of iron

powders in the bed, i.e., Equation 35 indicates the relationship between the duration of the

test and the mass of iron powders, and when the mass of iron powders decreases, the time

of the test will also decrease.

Time of the Test = mass of iron in the bed ×Wair/iron

ρair × V̇air
(35)

Where Wair/iron is the mass of air required to oxidized one unite of mass of iron in Reaction 21,

and V̇air is the flow rate of air (10 cc/s).

Equation 36 represents the relationship between the mass of iron powders and CVR.

Mass of Iron in the Bed = (1 − CVR) × Vbed × ρiron powders (36)

If the values of Table 7 are plugged into Equation 35, the time of reaction can be calculated:

Time of Reaction = −117.6CVR + 117.6 (37)
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Vbed Wair/iron ρair ρiron powders
35 ml 1.64 1.2 kg/m3 1500 kg/m3

Table 7: Properties of air and iron bed. Note that the density of a bed consisting of iron
powders is considerably lower than the density of iron due to the porosity of the bed and
powders.

Therefore, the duration of the test is predicted to be linearly dependent on the CVR as is

observed in the experimental results shown in the Figure 45.

Figure 45: Time of the tests of various powder compositions.

The line generated from the experimental results slightly differs from the calculated line

due to measurement errors, such as variations in the volume of the bed across tests (it is

not precisely 35 ml in all the tests). Additionally, the combustion efficiency is less than 1

(Fig. 44), meaning that not all of the iron powders inside the bed are converted to Fe3O4.
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Knowing the time of the reaction and the length of the bed, the propagation speed can be

estimated:

Speed of the Combustion Wave = Length of the Bed
Time of the Reaction (38)

Figure 46 indicates the speed of the combustion wave in the tests, all of which had a bed

length of 12 cm. The speed increases if CVR increases due to the decrease in the time of the

reaction. Furthermore, the reported speeds are consistent with the range of speeds typically

observed in a smouldering combustion which are 1 mm/min while the speeds in a flaming

combustion are in order of 100 mm/min [78].

Figure 46: Propagation speed of the reaction wave of different powder composition
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Figure 47: Conversion rate of iron to the iron oxides of different powder compositions

Another parameter that can be estimated is the rate at which iron powders convert to iron

oxides (Equation 39). Figure 47 demonstrates this conversion rate.

Rate of Iron Conversion = Mass of Iron Powders in the Bed × Combustion Efficiency
Time of the Reaction

(39)

The combustion efficiency calculated according to the mass of the bed is used to estimate the

conversion rate. On the other hand, the conversion rate is expected to be constant since the

airflow rate is constant in these experiments, i.e., the conversion rate can also be calculated

according to the airflow rate (Equation 40). Considering the values of Table 7, the rate of
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iron conversion is estimated to be 448.5 mg/min via this equation when V̇air = 10 cc/s.

Rate of Iron Conversion = ρairV̇air

Wair/iron
(40)

Furthermore, the rate of iron conversion can be estimated by the parabolic law discussed

in Section 1.6. To find the conversion rate via Equation. 1, it is considered that the bed

consists of solid spherical iron powders with a diameter = 300 µm and the temperature is

1000 K. At this temperature, 95% of the thickness of the oxide particle is FeO; thus, the

other oxides layers (Fe3O4 and Fe2O3) could be neglected, and it is assumed that iron only

converts to FeO:

∣∣∣dmFe

dt

∣∣∣ =
∣∣∣dmFeO

dt

∣∣∣ = ρFeOAFeOk0,FeO

XFeO
exp(−Ta,FeO

T
) (41)

The formation of FeO occurs on the surface of the oxide layer:

AFeO = 4πr2
F eO (42)

rFeO = rFe +XFeO

Moreover, the Pilling-Bedworth ratio (PBR) of FeO oxidation is 1.7:

PBRFeO = 1.7 =⇒ VFeOfinal

VFeinitial

=
(
rFeOfinal

rFeinitial

)3
= 1.7 =⇒ rFeOfinal

rFeinitial

= 1.19 (43)
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Where VFeinitial and rFeinitial are the volume and radios of the iron powders before the oxidation

process initiates; moreover, VFeOfinal and rFeOfinal are the volume and radios of the FeO powder

at the end of the oxidation process.

Over the oxidation, rFe changes from rFeinitial to 0 while XFeO differs from 0 to 1.19rFeinitial .

Therefore, assuming the values of Table 1, T = 1000 k, rFeinitial = 150 µm, ρFeO = 5740 kg/m3,

the conversion rate of one iron particle (dmFe
dt

) varies from 0.005 mg/min to 0.0003 mg/min

during the test if the initial thickness of the oxide layer is considered 0.05rFeinitial instead of

0.

To find the conversion rate of iron inside the bed, the number of particles participating in

the reaction should be estimated:

Rate of Iron Conversion = Number of Particles × Conversion Rate of One Iron Particle

Number of Particles =
ρIron Bed(π

4 d2
tubeLCombustion Zone)

ρIron(4π
3 r

3
Feinitial

) (44)

Where ρIron Bed is the density of the iron bed which is 1500 kg/m3, dtube is the quartz tube

diameter (1.9 cm), LCombustion Zone is the length of combustion zone considered 4.3 cm, and

ρIron is the density of iron (7900 kg/m3). Indeed, Equation 44 estimates the number of

spherical iron powders, which has a mass equal to the mass of the spongy flake iron powders

reacting in the combustion zone. According to these assumptions, the iron conversion rate

inside the bed changes from 850 mg/min to 50 mg/min during the test.
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Note that temperature is estimated 1000 K in these calculations; however, over the

experiments, it changes from room temperature to 1300 K. Moreover, more analysis should

be done to gain a better understanding of the powders’ morphology to improve the 300

µm-solid-spherical assumption in this model.

Another parameter which is measured during the tests is the pressure drop over the bed.

Figure 48 indicates this pressure drop over normalized time (time∗):

time∗ = Time
Time of the test mentioned in Table 4 (45)

Figure 48: Pressure over the bed during test for various powder composition (CVR=0 to
60%)

Generally, pressure drop increases during a test since Pilling-Bedworth ratio of iron is higher
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than one, i.e., the volume of the iron particles increases due to oxidation, decreasing the

porosity of the bed.

Moreover, non-porous ceramic powders fill the empty spaces between the iron powders, which

decreases the porosity; therefore, the pressure drop increases as CVR increases. Thus, the

least amount of ceramic powders which does not lead to melting should be mixed with iron

powders as increasing CVR causes an increase in the pressure drop over the bed, meaning a

more powerful compressor should be used to provide the oxidizing airflow.

According to the experimental results, when CVR is 0, the pressure drop is 25.87 kPa at the

beginning of the test, and the porosity of the bed is 0.81 (calculated by Equation 19); thus,

dsψ (Equation 16) is equal to 0.0000166. If the diameter of the powders (ds) is assumed 300

micron, the sphericity factor (ψ) is about 0.80, meaning the iron powders are highly porous.

Furthermore, this pressure drop increases to 29.61 kPa by the end of test. Assuming the

dsψ and Vbed are constant during the test, and oxidation only affect the porosity of the bed,

ϵ is roughly 0.79 at the end of the oxidation process (ϵfinal). A decrease in the porosity is

expected as PBR of Fe to Fe3O4 oxidation is 1.9.

Eventually, considering the ϵfinal is 0.79, the combustion efficiency calculated by

Equation 46 is equal to 96.6%. This estimated value is roughly equal to the experimental

findings (Fig. 44).

ϵfinal =
Vbed − (PRBFe3O4 × ηcomb + (1 − ηcomb))miron powders

ρiron

Vbed
(46)



3 Experiments 66

Note that the combustion efficiency in other cases cannot be estimated via this method since

Equation. 16 cannot be used to find the pressure drop over the bed consisting of iron and

ceramic powders due to their different properties.

In conclusion, mixing ceramic powders with iron powders is a promising solution to prevent

melting inside the bed. Moreover, the powder composition affects the combustion, i.e.,

increasing ceramic powders inside the bed decreases the reaction time and combustion

efficiency, and it increases the speed of the combustion wave and pressure drop over the

bed.
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4 Conclusion

To assist the progress of creating a system for producing energy with zero pollutant

emission via iron oxidation, a lab-scale burner was designed and built to study the

filtration combustion of iron powders. This burner successfully indicated that a

low-temperature combustion front slowly propagates through the iron bed.

Furthermore, in order to use this technology cyclically in oxidation and reduction processes,

it is important to prevent melting inside the bed as it leads to the formation of passages

for gases, resulting in incomplete oxidation or reduction over the bed. It was observed that

mixing iron powders with inert ceramic particles can effectively address this problem and

avoid melting within the bed. Therefore, this system has the potential to be successively

charged and discharged as the iron powders keep unsintered due to adding ceramic powders

to the bed.

Moreover, it was observed that the airflow rate plays a significant role in controlling this

reaction, i.e., increasing the air flow rate can increase the temperature and speed of the

combustion wave while decreasing the air flow rate can quench the combustion. Also, the

composition of the powders affects the combustion inside the bed as increasing the amount

of ceramic powders decreases the combustion temperature and combustion efficiency, and it

increases the speed of the combustion wave and pressure drop over the bed.

In the future, this technology can work as an energy storage system for renewable energy

sources, i.e., it can be used as a gas heater in a Brayton cycle to produce energy during
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peak demand. Subsequently, the oxidized powders can be reduced by hydrogen over peak

production.

This research focused on the oxidation of the iron bed. The reduction process and cyclability

of the bed need to be investigated in future work. Possible next steps also include upscaling

the burner and finding a more efficient way for preheating.



References 69

References

[1] IPCC. Climate Change 2021: The Physical Science Basis. 2021. url: https://www.

ipcc.ch/report/ar6/wg1/ (visited on 10/14/2022).

[2] Marion King Hubbert. Nuclear energy and the fossil fuels. Vol. 95. Shell Development

Company, Exploration and Production Research Division . . ., 1956.

[3] NOAA. Climate at a Glance. 2022. url: https://www.ncei.noaa.gov/access/

monitoring/climate-at-a-glance/global/time-series (visited on 10/14/2022).

[4] Tabbi Wilberforce, Ahmad Baroutaji, Bassel Soudan, Abdul Hai Al-Alami, and Abdul

Ghani Olabi. “Outlook of carbon capture technology and challenges”. In: Science of

the total environment 657 (2019), pp. 56–72.

[5] Jon Gibbins and Hannah Chalmers. “Carbon capture and storage”. In: Energy policy

36.12 (2008), pp. 4317–4322.

[6] Nadarajah Kannan and Divagar Vakeesan. “Solar energy for future world:-A review”.

In: Renewable and Sustainable Energy Reviews 62 (2016), pp. 1092–1105.

[7] Saidur Mekhilef, Rahman Saidur, and Azadeh Safari. “A review on solar energy use in

industries”. In: Renewable and sustainable energy reviews 15.4 (2011), pp. 1777–1790.

[8] John K Kaldellis and Dimitris Zafirakis. “The wind energy (r) evolution: A short review

of a long history”. In: Renewable energy 36.7 (2011), pp. 1887–1901.

https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar6/wg1/
https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global/time-series
https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global/time-series


References 70

[9] GM Joselin Herbert, Selvaraj Iniyan, E Sreevalsan, and S Rajapandian. “A review of

wind energy technologies”. In: Renewable and sustainable energy Reviews 11.6 (2007),

pp. 1117–1145.
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