
NUMERICAL AND EXPERIMENTAL INVESTIGATION OF

SOLAR THERMOCHEMICAL GASIFICATION OF SOLID

FUELS IN A HYBRID POROUS MEDIA REACTOR

by

Andrés Ignacio Arriagada Romero

A thesis submitted in partial fulfillment of the requirements under the institutional

agreement within the framework of the dual doctoral program to obtain the degrees of

Doctor of Philosophy in Chemical Engineering

Department of Chemical and Materials Engineering

University of Alberta

and

Doctor of Philosophy in Mechanical Engineering

Department of Mechanical Engineering

Universidad Técnica Federico Santa María

© Andrés Arriagada Romero, 2025



Abstract

Within the framework of the ANID/FONDECYT/1241030 project, an experimental and

numerical investigation was performed on the thermochemical gasification of solid fuels in

a hybrid porous media reactor exposed to concentrated solar energy and in a chemically

reacting fixed-bed for hydrogen (H2) and syngas production.

An up-to-date literature review on H2 and syngas production by thermochemical pro-

cesses, including filtration combustion, porous media combustion, and hybrid filtration com-

bustion (HFC), is presented from an experimental and numerical perspective. Incorporating

solar energy and biomass, two of the most important Chilean renewable resources, is dis-

cussed as a key element for allothermal gasification. Building on the current state of the art

in thermochemical gasification, this thesis aims to address key gaps in understanding

the fundamentals of heat and mass transfer inside inert and hybrid porous media

reactors.

In particular, this work aims to develop new permeability-based models, including in-

trinsic reacting particles using a porous media model (PMM) approach. The assessment of

Reynolds number, inflow gas temperature and oxidative atmosphere, and the feasibility of a

2D axisymmetric porous media numerical model to represent a 3D particle-resolved approach

of carbon char gasification are investigated. The novelty of this research is tailoring

a PMM approach, making results close to those obtained using a PRS model,

opening new perspectives for the simulation of chemically reacting fixed-beds.

Due to the complexity and the lack of literature regarding the use of biomass as a solid

fuel for solar-driven gasification, all numerical studies were performed using carbon char

particles. In this regard, a comprehensive study of the gasification of carbon char particles

inside a fixed-bed reactor was performed using a three-dimensional model to analyze the

effect of the inflow gas temperature, oxidative atmosphere (YO2,in = 0.05, 0.11, and 0.233),

and Reynolds number (Rein = 10, 50, 75, and 100). This work is next extended using a 2D
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axisymmetric geometry and a continuum approach to investigate the use of simplified models

to represent complex multiphysics reactive processes. Also, a macro-pore-resolved approach

was studied against a porous media model using a single carbon char particle. These studies

were performed to better understand the heat and mass transfer behavior of the phenomenon,

specially at a pore-scale level, where porosity, tortuosity, effective diffusivity, dispersion, and

thermal conductivity play a crucial role.

Regarding experimental-specific goals, this work aims to perform experiments in a hybrid

porous media reactor exposed to concentrated solar energy, focusing on hydrogen and syngas

production, and identify the most significant operational parameters according to experimen-

tal and numerical results to propose improvements to the processes for further research. In

this regard, experimental research was conducted on the interaction of different mixtures

of solid fuels inside a solar-driven gasifier for H2 and syngas production at low tempera-

tures (∼ 600K). Since the ultimate numerical approach is the simulation of the solar-driven

gasification reactor, a 3D-CFD based porous media model including char reacting particles

treated as porous and inert solid particles is mathematically described.

Finally, an extension of this thesis and future recommendations are given regarding ex-

periment designing, chemical kinetics, use of new solid and gaseous fuels, and key aspects to

achieve a continuous operation of the system.

Keywords : Heterogeneous combustion, Hybrid filtration combustion, Solar-driven gasi-

fication, Fixed-bed reactor, Hydrogen production, Renewable energy, Computational fluid

dynamics (CFD).
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1.1 Abstract

Hydrogen (H2) and syngas (a mixture of H2 and carbon monoxide) can be thermochemically

produced from various sources, such as fossil fuels, biomass, water, and solid wastes, via

steam reforming, dry reforming, and partial oxidation. In this scenario, hybrid filtration

combustion (HFC), where aleatory solid fuel and inert particles compose a porous bed,

has been identified as a robust and feasible alternative for sustainable energy production

from solid and gaseous fuels, thus glimpsing new opportunities for the development of new

reactors. This technology has been studied for different applications using several solid

fuels, analyzing the effect of varying the gasifying agents inside the reactor (mainly tested

for carbon dioxide, steam, and premixed air/fuel flows) both empirically and numerically.

The latter has a promising future since no three-dimensional approaches have been found

in the literature. After providing a brief conceptual background, this chapter presents a

review focused on hydrogen and syngas production by thermochemical processes, including

gasification, HFC technology, numerical approaches, fuel diversity, operational conditions,

and the incorporation of renewable energy in HFC technology, such as solar and energy from

biomass. This could help identify future challenges ahead regarding this technology and

decide on new directions for further research.

Keywords : Hydrogen, Hybrid filtration combustion, Porous media reactor, Computa-

tional Fluid Dynamics, Renewable energy.
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Nomenclature
Roman Symbols Definition Abbreviations Definition

Bf Solid fuel combustion rate FC Filtration combustion

C Specific heat capacity FCL Forward combustion linking

D Species diffusion coefficient GHG Greenhouse gas

H Enthalpy HFC Hybrid filtration combustion

Q Standard heat of reaction HSC HYbrid solar combustor

r Reaction rate IPM Inert porous media

S Source term for species MSW Municipal solid wastes

t Time NHE Number of heterogeneous reactions

T Temperature NSP Number of species considered

u⃗ Filtration velocity PMC Porous media combustion

v Velocity of reaction wave RCL Reverse combustion linking

Y Mole fraction of species RL Reaction leading

W Molecular weight RT Reaction trailing

Greek Symbols Definition ST Stationary thermal

γ Stoichiometric coefficient SMR Steam methane reforming

ε Fraction of heat retained in solid phase UCG Underground coal gasification

θ Porosity Subscripts Definition

λ Thermal conductivity f Fuel

ξ Heat transfer coefficient g Gas

ρ Density i Inert component in the solid

ϕ Equivalence ratio j Ordinal number

η Solid fuel conversion s Solid

1.2 Introduction

Global carbon dioxide (CO2) emissions increase every year, profoundly impacting the climate

scenario given by climate change. As a matter of fact, and after the oscillating scenario caused

partly by the COVID-19 pandemic, CO2 emissions grew by 321 Mt in 2022, reaching a new

high of over 36.8 Gt [1, 2]. The energy sector contributes the most considerable amount of

greenhouse gas (GHG) emissions to this phenomenon, adversely affecting biodiversity and

human health [3–6]. Moreover, climate change negatively impacts the photovoltaic solar

energy potential, one of the most important sources of climate change mitigation at present

[7, 8]. Therefore, the energy sector plays a crucial role when facing this global concern

[9], where novel energy utilization processes are at the forefront of modern technological
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development to address this challenge. New efficient and eco-friendly processes must be

developed and implemented in the transport, industrial, commercial, and residential sectors.

In this context, several countries are implementing new energy policies to decarbonize their

energy matrix, considering the depletion of fossil fuels, and understanding its crucial role

towards 2050 [10–12].

Porous media combustion (PMC), an extension to filtration combustion (FC), is a suf-

ficiently well-known technology that has been extensively studied during the last decades,

including its applications [13–16], being a feasible alternative for tackling technical and en-

ergy perspectives of the problems described above. It is defined as a combustion wave that

travels through a medium composed of an inert solid and interstitial spaces (porosity) that

percolate through the solid occupied space. Hybrid filtration combustion, hereafter abbre-

viated as HFC, establishes a relationship between inert porous media combustion and solid

fuels gasification, combining the properties of these processes by replacing a fraction of the in-

ert solid volume with solid fuel, producing a simultaneous conversion of the solid and gaseous

fuels to energy [17, 18]. In this case, a combustion wave is produced by a flow that can con-

tain hot air, water-steam, and/or gaseous fuel-air mixture [19] and propagates, reforming the

solid fuel contained in the porous medium within a wide range of thermal power with a high

energy concentration per unit of volume, and with high efficiency. Researchers have studied

inert porous media (IPM) and HFC technology, detecting many essential advantages, such

as low pollutant emissions, high thermal stability, increased reaction temperature due to its

internal heat recirculation, and extended flammability limits, among others [20–22]. Abdul

Mujeebu [13] reviewed H2 and syngas production by superadiabatic combustion with and

without a porous medium, partially covering HFC. Haugen et al. [23] have made a thorough

review on numerical approaches for thermochemical conversion of char, which may be under-

stood as the baseline of HFC technology, where there are chemically reacting particles inside

the reactor. Accordingly, hybrid filtration combustion technology can be successfully used

for producing energy from wastes that are economically unsuitable for processing by tradi-

tional technologies. This opens new perspectives for the valorization of energy from solid

fuels to obtain valuable chemical compounds and those already developed [24, 25], which

offers a broad scope for future research in this field, recognizing HFC as a green technique
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for energy production from solid sources.

The aim of this chapter is giving a comprehensive review on hydrogen and syngas pro-

duction by thermochemical processes, particularly exploring inert porous media combustion

(PMC), hybrid filtration combustion (HFC), and solar-driven gasification, from both exper-

imental and numerical perspectives to highlight the research gap covered by this doctoral

thesis, finishing this chapter with the hypothesis and research objectives.

1.3 Theoretical framework and conceptual background

1.3.1 Hydrogen/syngas production methods

This section gives a brief outline of the various methods of H2/syngas production. However,

by considering the specific aim of this chapter, a detailed comparative analysis of all these

techniques is excluded. H2 and syngas are not readily available in nature in its pure form;

therefore, the use of specifically devised processes is necessary to obtain them to be used

as feedstock for the chemical industry and/or as fuel. In general terms, H2/syngas produc-

tion routes can be thermochemical, electrolytic, direct solar water splitting, and biological.

Previous review articles have covered the details of these processes, while providing detailed

comparisons and discussions [26–28]. Furthermore, Epelle et al. [29] reviewed the recent ad-

vances in renewable hydrogen production methods with a specific focus on the comparison

of different nanomaterials used to enhance H2 production. The thermochemical processes of

H2/syngas production mainly include steam reforming, dry reforming, and partial oxidation

[30, 31] from various feedstocks such as fossil fuels, biomass, hydrogen sulfide (H2S), and

water [26, 32–34]. Depending on the process employed, the source of the fuel, the environ-

mental impact, and efficiency, an appropriate color is assigned to the produced H2, which is

summarized in Table 1.1. For instance, gray H2 is produced from fossil fuels, mainly natural

gas, by steam methane reforming (SMR) process, which emits significant amount of CO2.

Currently, more than 70% of the global H2 production is by large-scale SMR processes [35].

The H2 production methods from both natural gas and coal are similar [27], and the products

comprise CO, H2, and CO2 along with steam or methane (CH4) [36]. For each ton of H2
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generated from coal, the amount of carbon released to the atmosphere is 5 tons, while it is

2.5 tons from other hydrocarbons [37]. Blue H2 refers to that produced from fossil fuels with

CO2 capture during the process, and it is less polluting than gray H2. However, green H2

is produced from renewable sources such as solar, wind, or biomass, and also by electrolysis

and different other methods [27, 32]. In this regard, water is one of the most abundant and

inexhaustible raw materials on Earth and can be used for H2 production through water elec-

trolysis, which is one of the most basic methods to generate almost pure hydrogen [26, 38].

If the energy input is provided from renewable sources, H2 produced by water-electrolysis

will be the cleanest (greenest) energy carrier [39, 40].

Table 1.1: Overview of hydrogen production methods: Environmental impact, efficiency, and
cost [41].

Hydrogen Production Primary Resources kg CO2eq/kgH2 Efficiency (%)

Gray Hydrogen Natural Gas, Coal 7.5 - 25
60 - 85 % (Natural Gas)
74-85% (coal gasification)

Blue Hydrogen Natural Gas + CCS 3.97− 6.87 55− 80% (with CCUS)
Turquoise Hydrogen Methane 3.94− 9.91 Not specified

Green hydogen Water electrolysis ∼ 0 60 - 85%
Pink/Red Hydrogen Nuclear Energy 0.1− 0.6 Not specified

Yellow Hydrogen Solar Energy ∼ 0 Variable
Biohydrogen (BmH2, BwH2) Biomass, Biowaste 6.7 - 9.8 (biogas reforming) Not specified

White hydrogen Nuclear Energy 0.87 (Cu-Cl cycle) Not specified

1.3.2 Gasification of solid fuels

Gasification is the process of transforming organic or fossil-based carbonaceous materials

such as coal or biomass into a gaseous fuel (syngas) in the presence of steam, CO2, oxygen

(O2), air, or mixture of these gasifying agents [42, 43] at high temperature (around 1100 K)

and moderate pressure (from atmospheric pressure to 70 bars) [44–46], and it is shown in

Figure 1.1.

Being an endothermic process, the heat for gasification can be produced by partial ox-

idation of the fuel inside the reactor (autothermal gasification) or can be supplied by an

external heat source (allothermal gasification) [47, 48]. Conventional gasifiers are classi-

fied based on the type of bed and the direction of the gaseous flow [49]; their functioning

principles and main features are well documented [50]. Biomass gasification differs from
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Figure 1.1: Schematics of the gasification of a single coal particle.

coal gasification mainly because biomass is a carbon-neutral and sustainable energy source

[49, 51]. Moreover, as biomass is more reactive and has a higher volatile content than coal,

the gasification can occur at lower temperatures, which reduces heat loss, undesired emis-

sions, and material problems associated with high temperatures [49]. Biomass also has a

low sulfur content, which results in less sulfur oxide (SOX) emissions [49]. However, due to

specific inorganic species, slagging, fouling, and corrosion are common problems in biomass

gasification [49, 52]. Other challenging issues of biomass gasification are tar formation and

moisture content [42, 53]. At high temperatures, tar exists in gaseous state, uniformly mixed

with the gaseous products [54], whereas at low temperatures (< 500 K), tar condenses and

bonds with water and char, blocking gas pipelines [55]. Moreover, tar formation causes

severe problems in downstream particle removal devices (e.g., filters and cyclones), gas tur-

bines, and engines [51]. Nonetheless, several methods to reduce tar are currently known:

fast pyrolysis [51, 52], thermal cracking [56–58], high-temperature steam reforming [52, 59],

dry reforming [60], catalytic cracking [61], partial oxidation [62], and plasma reforming [63].

Excessive moisture in biomass reduces the quality and yield of the produced gas and the sys-

tem performance, besides other issues [53]. Also, lower energy density and the presence of

heteroatoms (especially oxygen) can reduce the potential for biomass gasification compared

to coal gasification. On the other hand, the main disadvantage of conventional autothermal

gasification technology is the production of undesired species such as particulate matter, tar,

and char [64, 65]. The emission of these species is highly associated with operating condi-
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tions such as temperature, pressure, heating rate, and residence time [66]. Thus, gasification

as a process still requires further optimizations to enhance its energy efficiency by overcom-

ing the aforementioned challenges [67, 68]. Since temperature, residence time, and oxygen

availability are key factors that govern the destruction of tar produced during biomass/solid

fuel gasification [57], the process could be improved by techniques that can effectively con-

trol these parameters. Accordingly, gasification by FC/PMC under superadiabatic condition

has been explored and successfully demonstrated [69, 70]. Besides being more environment

friendly and efficient, this method allows gasification of high-ash and humid fuels [71]. Later

on, the FC technique was developed into HFC, where the gasification of solid fuel alone or

concurrently with gaseous fuel occurs in a hybrid porous media reactor [72, 73]. Hydro-

gen/syngas production from carbonaceous feedstocks by HFC reactors offers high reaction

temperatures (900-1800 K) for different equivalence ratios (due to enhanced heat transfer by

conduction, convection, and radiation) and low solid particle emissions [73, 74]. The FC or

HFC reactors work on thermal partial oxidation [75, 76], which has gained wide recognition

as one of the effective methods for tar reduction during biomass gasification.

1.3.3 Filtration combustion with heat recuperation

The term filtration combustion (FC) was first reported by Russian researchers to explain

the process of combustion synthesis of refractory nitrides by oxidizing metal powders in the

presence of a nitrogen atmosphere [77]. Afterwards, the term was used to describe the in-

situ underground coal gasification (UCG) by forward or reverse combustion linking (FCL

or RCL) [78–80]. However, processes that involve filtration of gases through porous media

with chemical reactions are generally regarded as filtration combustion [81, 82]. Depending

on the relative directions of propagation of the combustion wave, the oxidant, and the

product gas, FC is classified as coflow FC and counter-flow FC [80, 83, 84]. In the coflow

FC, there is a possibility of heat recuperation from the reacted zone to the incoming fresh

oxidant. Nevertheless, the excess enthalpy theory of Weinberg [85] suggested the possibility

of preheating the fresh air-fuel mixture by heat recirculation (by internal or external means)

from the combustion products without direct mixing of the products with the reactants. This

borrowing of enthalpy from the combustion products could increase the reaction temperature
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Figure 1.2: Inert porous media combustion reactor used in experiments at UTFSM, Chile.

above that of the thermodynamically possible flame temperature of a given fuel/air ratio of

the mixture, thereby realizing an excess enthalpy or superadiabatic flame [86]. In this case,

the maximum temperature in the combustion zone can exceed the adiabatic temperature of

the mixture by several hundred degrees. Thus, by incorporating the Weinberg theory, the

coflow FC was later extended for combustion of gaseous and liquid fuels, as well as powdered

solid fuel within an inert/catalytic porous medium (abbreviated previously as PMC in this

chapter). In PMC, the internal self-organized heat recuperation from the reaction zone to

preheat the incoming fresh fuel-air mixture is facilitated by the solid porous medium. In

fact, PMC is often named in the literature as inert filtration combustion, lean filtration

combustion, and/or rich filtration combustion [87–90]. Figure 1.2 shows an example of

a PMC reactor used for experimental work at Universidad Técnica Federico Santa María

(UTFSM), Chile.
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1.3.4 Hybrid filtration combustion

Hybrid filtration combustion (HFC) is a multiphase, multiscale, and multiphysics process

that stablishes a relationship between inert porous media combustion and solid fuels gasi-

fication, replacing an inert solid fraction volume with solid fuel, producing a simultaneous

conversion of the solid and gaseous fuels to energy (lean combustion) or hydrogen and syn-

gas (rich combustion) [17]. This process, depicted in Figure 1.3, describes a simultaneous

thermal conversion of gaseous and solid fuels when the gaseous fuel-oxidant mixture filters

through a porous packed bed composed of solid fuel and inert particles, but also the thermal

conversion of solid fuel when only gaseous oxidant filters through the porous packed bed com-

posed of solid fuel and inert particles [91]. Hybrid filtration combustion can be successfully

used for producing green energy from wastes that are economically unsuitable for processing

by traditional technologies. A gaseous oxidant flow produces a reaction wave through the

process, which can be hot air, water steam, or a gaseous fuel-air mixture that propagates

along the reactor reforming the solid fuel inside within a wide power range, high efficiency,

high energy concentration per unit of volume and stable combustion over a wide range of

equivalence ratios [92–94]. As a result of a composing porous medium, observed combustion

temperatures can be lower when compared to IPM values. Upstream and downstream wave

propagations are present in the hybrid porous reactor. The upstream wave propagation in

the composite bed is similar to the inert bed, but the downstream wave propagation shows a

flat temperature profile with practically constant temperature along the reactor. As almost

all fuels contain chemically inert admixtures (e.g., ash) from the very beginning, the porous

medium ahead of the reaction zone in the general case is a mixture of solid fuel and inert

material. The substances formed behind the combustion front are a porous residue contain-

ing ash and solid combustion products. The heat released during the reaction is transferred

to nonreacted layers of the substance with a lower temperature and initiates their own heat

release, which results in self-sustaining propagation of the reaction wave. Due to the solid

fuel’s heterogeneous interaction with the gaseous oxidizer can form both solid and gaseous

products in the filtration combustion wave [95, 96]. The most important operational parame-

ters through the HFC process are injection velocity for the premixed flow and the equivalence
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(a)

(b)

Figure 1.3: Hybrid filtration combustion for coflow (a) and counterflow (b) combustion of
gaseous and solid fuels.

ratio (φ), both playing a crucial role in the process, obtaining a different temperature for

the wave combustion and the gaseous mixture.

The combustion temperature in composite bed decreases from rich to ultra-rich gas fuel-

air mixtures, and the increase of solid fuel volume fraction in the porous media. At high

downstream propagation velocities close to the stoichiometric conditions, the role of the

gaseous phase kinetics is controlled. In these conditions, the upstream wave propagation

suppresses the heterogeneous processes by the total consumption of the oxidizer agent. At

higher equivalence ratios, the wave propagation is slower. This remarks the role of heteroge-

neous kinetics, which results in the ignition and combustion temperatures drop, impacting

the wave velocity. The mechanism of heterogeneous combustion becomes prevalent for down-

stream wave propagation. The slowly reacting solid fuel is directly exposed to the oxidizer

agent. The ignition initiated over the solid phase is further transferred to the gaseous phase.
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In this case, it is possible to suggest that the wave structure involves a heterogeneous re-

action front followed by the gas phase reaction front. These fronts are followed by a slow

endothermic reaction between the forms of steam and solid/gaseous fuels. The propagation

of downstream hybrid combustion waves in the fuel loaded medium result in broad com-

bustion fronts with superadiabatic combustion temperatures. The flat temperature profile

remarks that the fuel particles are burning upstream of the front. Lean combustion results

in the complete burnout of the hydrocarbon fuel, with CO2 and water production being both

the composition of the final products and the heat release properly defined [97]. In contrast

to lean combustion, the partial oxidation products of rich and ultra-rich waves are not clearly

defined. In this case, fuel is only partially oxidized in the wave, and the total heat release

could be kinetically controlled by the degree of oxidation. As a result, chemical kinetics, heat

release, and heat transfer are strongly coupled in the rich and ultra-rich waves, turning it into

a more complicated phenomenon than the lean wave [17]. As a multiphysics problem, heat

transfer is deeply involved in HFC technology. Figure 1.4 depicts how the well-known heat

transfer mechanisms, i.e., conduction, convection and radiation, play a crucial role inside a

hybrid porous media reactor. In particular, black and white circles represent a solid fuel

and inert material, respectively. Moreover, conduction and radiation act as a heat recircu-

lation mechanism, preheating inflow gaseous phase and therefore, achieving superadiabatic

temperatures along the reactor. Convection is mainly driven by the direction of the inlet

condition of the reactor.

Frequently an unstable combustion wave is observed. This instability is caused both by

the difference in the gas permeabilities of the solid porous material ahead of the combustion

zone and the solid combustion products [98] and by the dependence of the total gas perme-

ability of the mixture on the fraction composition. The gas permeability of the solid can

change because of the melting of the solid products and the formation of channels whose

characteristic size is larger than the particle size in the initial mixture [99]. Combustion

front stability might create difficulties in technologies based on filtration combustion. Cur-

rent combustion theory dismisses the motion of the solid phase or considers uniform motion

in the direction perpendicular to the combustion front. However, if one succeeds in creat-

ing conditions under which the velocity of radial motion of particles of the material in the
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Figure 1.4: Autothermal HFC process scheme and heat transfer mechanisms interaction
between solid particles.

combustion zone exceeds the instability development rate, then one can avoid the formation

of regions emptied by burning. For this purpose, the reactor can be placed at an angle to

the horizontal and may be rotated about its axis [100, 101]. The inclined position of the

reactor causes the formation of a single burning-emptied region in the upper part of the

combustion zone, and the rotation of the reactor ensures the filling of the burning-emptied

region by unburned material. Stirring promotes both filling of cavities and channels and the

redistribution of red-hot solid particles in a reactor section plane, making the combustion

wave stable [102, 103].

The main advantages of hybrid filtration combustion include a wider power range, higher

efficiency, higher energy concentration per unit of volume, and stable combustion over a wide

range of equivalence ratios due to the capacity of the porous media to recirculate the heat

within the reactor. Therefore, temperature exceeding adiabatic values can be attained at

equilibrium due to a larger superficial area offered by the porous media, which is responsi-

ble for heat transfer between gaseous and inert solid phases. Various mathematical models

regarding HFC modeling have been proposed and analytically and numerically solved. Sal-

gansky et al. [95, 104] described a model based on the original one proposed by Aldushin et

al. [82] with the first approach to filtration combustion with a hybrid porous bed. Toledo
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and Rosales [17] extended these models for the general case of HFC technology. In both

models, apart from the governing equations representing gas-phase energy, inert solid phase

energy, and conservation of mass for the gaseous phase [90, 105, 106], a fourth equation is

introduced to represent mass conservation of the solid fuel. A novel feature of the HFC

model is the relatively complex chemical kinetics that couples three types of reactions: ho-

mogeneous, devolatilization, and heterogeneous. The relevance of this coupling is due to

the sustaining simultaneous reactions (combustion, gasification and/or pyrolysis) involving

gaseous and solid fuels.

The main control parameters of HFC are presented in Table 1.2. The solid phase usually

consists of a mixture of combustible and inert particles. Materials such as coal, peat, biomass,

polymers etc. can be used as fuel. The mass content of combustible material in the mixture

can vary from 5 to 100%. An inert material can be both fuel ash and an added refractory

material (alumina, chamotte, porcelain and others). The gas to be filtered can generally

contain both an oxidizing agent (air, steam, carbon dioxide) and a combustible gas (methane,

butane etc.). The HFC process is carried out for both lean (φ < 1) and rich mixtures (φ >

1). In this case, the gas filtration velocity through the porous filling can reach a value of 1

m/s. Most of the reactors are of the batch type and have a cylindrical geometry.
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Table 1.2: HFC controlling parameters.

Reference Solid Fuel

Mass
fraction
of solid
fuel in
porous

medium,
%

Inert
particles

Gaseous
Oxidant

(equivalence
ratio)

Filtration
velocity,
cm/s

Reactor
type

Toledo et al. [91] Wood pellets 50
Alumina
spheres

Butane/air
1.0 ≤ φ ≤ 2.6

13− 14.4 Batch

Toledo et al. [107] Coal particles 0− 75
Alumina
spheres

Natural
gas/air 1.0 ≤

φ ≤ 3.8

12− 19 Batch

Gentillon et al. [108]
Polyethylene

pellets
50

Alumina
spheres

Propane/air
1.0 ≤ φ ≤

1.65

11.7 Batch

Araus et al. [109] Wood pellets 50
Alumina
spheres

Natural/air
0.3 ≤ φ ≤ 1.0

15 Batch

Caro et al. [110]

Oat cane, wheat
cane,
Eucalyptus
nitens and Pinus
radiata pellets

50
Alumina
spheres

Natural
gas/air, φ =

1.1 and
steam

26.1− 36.5 Batch

Toledo et al. [72] Biomass
12.5−
62.5

Alumina
spheres

Natural/air
0.2 ≤ φ ≤ 1.1

15 Batch

Ripoll et al. [111]

Algae biomass
particles with

moisture content
(0− 100%)

0− 100
Alumina
spheres

Natural/air,
φ = 1.2

27.6 Batch

Toledo et al. [74]
Waste tires
particles

50
Alumina
spheres

Air, steam
and natural
gas (0.3 ≤ φ

≤ 1.4)

4.2− 33.2 Batch

Salgansky et al. [71]
Coal dust/Peat

dust
5− 100

Porcelain
rings/
Alumina
spheres

Air/steam 10− 100 Continuous

Having gained an understanding of FC, PMC, and HFC from the preceding sections,

there need to be clarifications on how these processes differ from smoldering (’smouldering’

in British English) [112]. Accordingly, a comparison of all these techniques has been made

as summarized in Table 1.3. Unlike FC, PMC, and HFC, smoldering is basically a fire

hazard and is characterized by a low temperature and burning rate [112–114]. The oxidation

process occurs mainly in heterogeneous reactions, while the reactions in the gas phase can

be neglected. With an increase in the rate of homogeneous reactions, a transition from
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smoldering to combustion occurs. Also, the transition to combustion can be caused by the

acceleration of the coke oxidation reaction with an increase in the gas flux [98, 115, 116].

Smoldering is initiated and sustained at the surface of the solid, and it creeps through the

porous matrix under favorable conditions. Smoldering can also happen to liquid fuels soaked

by inert porous materials [113]. Though smoldering is a natural or accidental phenomenon,

its chemistry has been a topic of intensive research, which has reached to the consensus

that further research is needed to understand it completely and to explore its potential

applications.
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Table 1.3: Comparison of smoldering with FC, PMC and HFC.

Characteristic
Combustion type

Smoldering
Filtration

combustion
Porous media
combustion

Hybrid filtration
combustion

Oxidant Natural air Supplied air Supplied air
Supplied oxidant or
oxidant-gaseous fuel
mixture

Reactant
Solid or liquid
fuel

Solid fuel
Supplied
gaseous or
liquid

Solid fuel particles
contained by the hybrid
porous bed with or
without supplied
gaseous fuel

Reaction
medium

Solid surface
or porous
matrix

Porous
material

Inert or catalytic
porous medium

Hybrid porous bed
made of solid fuel and
inert solid particles

Oxidation
Level

Partial Partial or full Partial or full Partial or full

Occurrence
Natural or
accidental

Manual
initiation

Manual
initiation

Manual initiation

Controllability

Uncontrollable
and can lead
to flaming
combustion

Controllable Controllable Controllable

Relative
propagation of
oxidant and
combustion

wave

Forward or
reverse

Forward or
Reverse

Forward or
reverse

Forward or reverse

Temperature Low Average High High
Combustion

rate
Low Average High High

Homogeneous
reactions

Negligible Important Important Important

Heterogeneous
reactions

Important Important Negligible Important

Products

Unintended
products of
partial
combustion

Combustible
gas (H2,CO)

Combustible gas
(H2,CO) in

partial
combustion

Combustible gas (H2

CO, tar) in partial
combustion

References [112–114] [77–80] [16, 22, 117, 118] [72, 73]
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1.3.5 Numerical approaches

Hybrid filtration combustion is a multiphase, multiscale, and multiphysics challenge, thus

requires a proper analysis on the problem to ensure that its most relevant characteristics are

well recognized, such as the complex chemical kinetics (homogeneous, devolatilization, and

heterogeneous reactions), enhancement of the heat transfer mechanisms (thermal radiation,

heat convection and conduction), the thermal, structural and hydrodynamic properties, and

the coupling of simultaneous reactions involving different phases. Various studies have re-

ported mathematical models of HFC, being analytically and numerically solved. Salgansky

[95, 104] developed the first approach to a porous media combustion model based on the

one proposed by Aldushin et al. [82]. Further on, Toledo and Rosales [17] extended the

general case of this phenomenon, where coexists the partial oxidation of gaseous and solid

fuels inside a reactor. These models consider four governing equations representing gas phase

energy, inert solid phase energy, conservation of mass for the gaseous phase [90, 105, 106],

and mass conservation of the solid fuel. Depending on the gaseous oxidizer utilized for

each study, slight variations in the chemical kinetic schemes were found. These models do

not consider a thermal equilibrium among the solid and gaseous phases, so the term HV

is added as a boundary condition, referring to the energy sources per unit of bulk volume,

where HV = HV,v + HV,HE + HV,Q, where HV,v is the enthalpy received by the gas from

the volatiles evolved from the solid fuel, HV,HE is the energy released towards the gas from

reactions of the solid fuel, and HV,Q is the heat transfer from the solid to the gaseous phase,

where HV,Q = ξF (Ts − Tg). Thus, the fundamental equations governing the process are the

following [17]:

Conservation of mass for gaseous species equation:

∂θρgYj

∂t
= ∇ · (θρgDj∇Yj)−∇ · (θρgYju⃗) + Sj (1.1)

Conservation of mass for solid fuel species equation:

∂ [ρf (1− θ)]

∂t
+∇ · [ρf (1− θ)] v⃗ = −Bf (1.2)
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Gas phase energy equation:

∂θρgCpgTg

∂t
+∇ ·

(
θρgCpgTgu⃗

)
= ∇ · (θλg∇Tg) +∇ ·

(
θρg

NSP∑
j=1

CpjTgDj∇Yj

)
+HV (1.3)

Solid phase energy equation:

∂ [(ρfCf + ρiCi) (1− θ)Ts]

∂t
+∇ · [(ρfCf + ρiCi) (1− θ)v⃗Ts] =

∇ · [(1− θ)λs∇Ts]−
ε

Ws

NHE∑
γ=1

rHγ QRγ − ξF (Ts − Tg)
(1.4)

In Equations 1.1 to 1.4, θ is porosity, ρ is density, Y is mole fraction of specie, t is

simulation time, D is the diffusion coefficient of the species in the gas mixture, u⃗ is filtration

velocity, S is the source term for species considered, v⃗ is velocity of the reaction wave,

Bf is rate of solid fuel consumption by volatilization and heterogeneous reactions, T is

temperature, λ is thermal conductivity, NSP is the number of species considered, HV refers

to the sources of energy per unit of bulk volume, where HV = HV,v +HV,HE +HV,Q, where

HV,v is the enthalpy received by the gas from the volatiles evolved from the solid fuel, HV,HE

is the energy released towards the gas from reactions of the solid fuel, and HV,Q is the heat

transfer from the solid to the gaseous phase, where HV,Q = ξF (Ts − Tg), C is specific heat

capacity, F is the solid fuel area, NHE is the number of heterogeneous reactions, r is reaction

rate, Q is standard heat of reaction, and ξ is the heat transfer coefficient. The subscripts (j)

refer to the j species considered in the reactor, (g) to the gas phase, (s) to the solid phase, (f)

to the fuel component in the solid, and (i) to the inert component in the solid. The system

of equations is presented for the adiabatic case.

These mathematical models do not consider boundary conditions describing gas-solid

interface interactions at pore-scale for mass and energy balances. Since the computational

resources, power, and technology have exponentially increased over time, it is feasible to

simulate complex engineering applications regarding fixed-bed reactors for engineering ap-

plications and the chemical industry, such as catalysis, steam methane reforming, and energy

storage, among others [119–121]. As a matter of fact, numerical simulations for studying
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carbon combustion have been previously reported in the literature for a one-particle model

[122]. Nevertheless, and to the best of the authors’ knowledge, there is no actual research

found in the literature regarding three-dimensional chemically reacting particles in a fixed-

bed reactor, being a tremendous opportunity to deeply explore these units from a numerical

perspective. Numerical studies in this thesis will consider three stages with increasing com-

plexity; the first one is related to the analysis of a chemically reacting fixed-bed reactor using

solid carbonaceous materials in a three-dimensional approach, followed by studying the im-

pact of intrinsic chemical reactions inside solid particles in both one-particle and fixed-bed

reactor models. Since there is an important interaction between gaseous and solid phases on

the surface of the particles (pore-scale level), mass and energy balances at the interface are

affected by the heterogeneous chemical reactions. The production and destruction rates of

gaseous species caused by these interactions, along with convective and diffusive mass fluxes

of the gas phase species at the surface, are essential to set the following boundary conditions:

ρwall Di
∂Yi, wall

∂n
− ṁ′′

CYi, wall = MiR̂i,s (1.5)

ṁ′′
C =

NR∑
i=1

MiR̂i,s (1.6)

n · λ∇T |gas =
N∑
j=1

MiR̂i,sh
0
j + ϵsσ

(
T 4
in − T 4

surf

)
(1.7)

Furthermore, heterogeneous reactions may modify the ’no-slip’ condition used typically

for zero velocity for fluids on chemically non-reacting surfaces. In this case, the velocity may

be nonzero, also called Stefan flow, which characterizes the net mass flux between surface

and gas [123]. This induced velocity is represented as n · u⃗ = ṁ′′
c

ρ
, where n is the normal

vector to the wall, and ṁ′′
c is the net mass flux between surface and gas. The kinetics of

the carbonaceous feedstocks devolatilization involved could be approached via pyrolysis and

gasification reactions, obtained through thermogravimetric analysis (TGA), being processed

utilizing a specific software such as Gpyro [124], Thermakin [125], or FireFOAM pyrolysis

model [126], and further contrasted with the modelled values that may be found in literature,
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coming from several studies based on similar techniques [127–130]. This method has been

used to characterize thermal decomposition of biomass under oxidative conditions, and to

assess their potential combustibility as natural fuels [131–133]. This kind of kinetics mecha-

nism provides a better prediction of the temperature profiles, products, and energy fluxes in

the process [134]. Specific inorganic species, slagging, fouling, corrosion, tar formation, and

moisture content are common problems in biomass gasification and must be considered in the

chemical kinetics mechanisms regarding solar-driven gasification of biomass [42, 49, 52, 53].

Expected results include the temperature profiles, major product characterization profile,

reactor behavior prediction for different operational conditions and utilized feedstocks, and

a derived description of several multi-step reaction mechanisms for the gaseous and solid

species involved. Through a sensitivity analysis, critical parameters might be identified,

and a thorough analysis of how heat transfer mechanisms interact inside the reactor will be

assessed in order to improve the renewable hydrogen production process and other applica-

tions, since temperature, residence time, and oxygen availability are key factors that govern

the destruction of undesirables by-products produced during biomass/solid fuel gasification

[57]. Toledo et al. [72] investigated the hybrid filtration combustion of biomass from a nu-

merical perspective, solving governing equations using an implicit finite difference scheme,

considering a forward first order scheme for the time related terms, a backward scheme for

the convective terms and a second order central difference scheme for the diffusion terms.

The resulting tridiagonal matrix was solved using the TDMA algorithm via a Fortran 90

code. The authors found a good agreement between numerical solutions predictions and

experimental data for temperature and chemical products profiles. Important assumptions

were made in this study, such as no pyrolysis model for biomass, a simplified kinetic mecha-

nism for the thermal decomposition of biomass. Moreover, a higher biomass fraction inside

the HFC reactor leads to a higher hydrogen production (4.17% for equivalence ratio of 0.2

and biomass fraction of 62.5%).

Ripoll et al. [135] investigated the gasification of carbonaceous feedstocks inside a batch

reactor operating on a HFC mode in presence of solar steam aiming to hybridize conventional

process. The governing equations were discretized and solved using the TDMA algorithm.

Results showed that an increase on the coal presence favored a normal thermal structure,
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observing a maximum temperature of 1,638 K at a 70% coal mass fraction, while an in-

crease on the steam content led from normal to inverse thermal structure recording a peak

temperature of 1618 K at a 0.95 H2O/O2 fraction and 50% coal presence.

1.4 Further applications of HFC technology

1.4.1 Use of renewable energies

Throughout this chapter, it has been widely commented that fossil fuels contribute to global

warming, GHG emissions, and climate change. In this context, incorporating renewable

energies in the HFC process, such as solar and energy from biomass, could help in the

migration from gray to blue and green hydrogen, replacing fossil fuels and being an urgent

challenge to address [136]. The literature has widely reported efforts to understand the effect

of hybridizing the combustion process with direct solar irradiation. Nathan et al. [137] state

that synergies between renewable and fossil energies through a Hybrid Solar Combustor

(HSC) have the potential to ease the transition from conventional technologies to a renewable

future thanks to the use of shared infrastructure and lower thermal losses by ensuring a

continuous process thus lowering the overall CO2 emissions. Furthermore, Medwell et al.

[138] informed that adding direct solar irradiation to free flames directly affected the behavior

of flames and soot formation, which presents itself as one of the current issues to be solved to

develop a mature HSC technology effectively. An alternative approach to integrating solar

energy into conventional thermal power plants is theoretically and numerically evaluated

by Hosseini et al. [27] through preheating air in a combined cycle power plant operating

in a flameless combustion mode. This approach enables ultra-low NOX emissions due to

its homogeneous heat distribution and more compact designs. Solar-driven gasification has

been demonstrated as a promising technology to use solar energy for hydrogen and syngas

production [139]. Ruiz et al. [140] investigated temperature profiles and heat fluxes in a

packed bed heated by radiation that simulates a solar energy flux. A radiant porous burner

was placed at the bottom of the packed bed to simulate an imposed concentrated solar

heat flux. Incorporating other solid renewable fuels, such as biomass, exploring native and

22



exotic forest species that could reduce the emissions levels, having a CO2 capture system,

and migrating from a system that uses fossil fuels to biomass [141, 142]. Most recently,

Arriagada et al. [143] studied the solar-driven gasification of carbon for hydrogen and syngas

production using a hybrid porous media reactor at low temperatures (Approximately 600 K).

The highest ratio of hydrogen and carbon monoxide (H2/CO) was 0.163 when the rotation

speed was 20 rpm.

1.4.2 Waste to energy

It is important to give this technology a social and environmental purpose, with little de-

vices that can take garbage from schools or social buildings and produce H2, which greatly

impacts society, considering the economic feasibility. Furthermore, the hybrid filtration com-

bustion technology can be the last step to recycling and utilizing the highest energy from

a matrix. This can be important for municipal solid wastes (MSW), which have a regular

composition depending on the city and economic activities developed in different areas [144].

Since municipal solid waste is a global issue, its treatment, and utilization are widely in-

vestigated [24, 25, 145–147]. A conventional approach to waste to energy treatment is the

direct combustion of waste (incineration), which aims to recover the energetic value of waste.

Other thermochemical treatment methods, i.e., pyrolysis and gasification, may additionally

be used for recovering the chemical value of wastes. In this context, gasification is related

to the production of syngas, where hybrid filtration combustion could be implemented [148].

As a matter of fact, industrial applications of HFC have been successfully implemented in

NothernEuropean countries, such as Finland and Russia, where two reactors that can pro-

cess up to 15000 ton/yr of MSW were engineered by the IPCP-RAS (Russia) and developed

by Europrofile Ltd. In Lappeenranta (Finland) and Moscow (Russia) [70, 149]. Many re-

searchers have studied the filtration combustion technology of solid fuel in countercurrent

reactors [149, 150]. Further studies using residential waste for hydrogen and syngas produc-

tion could be an important research line, considering tons of municipal waste per year with

serious health risks for the population.
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1.4.3 Valorization of metallic compounds

The hybrid filtration combustion technology allows efficient mass transfer of compounds

[151, 152]. Thanks to this feature, it is possible to implement an entirely new process of

separating valuable metals and their compounds in a wave of filtration combustion. It was

shown in [153] that if mixtures containing metals that form relatively volatile products are

subjected to filtration combustion, the corresponding metals can be effectively extracted

from the original mixture. In the example of metal-containing mixtures, the separation in

the space of the processes of oxidation, evaporation, and condensation, the separation of

target products have been stablished [154]. It becomes possible to selectively concentrate

and isolate metals and their derivatives when metal compounds accumulate in a particular

reactor zone due to the continuous evaporation and condensation of these compounds [155].

It was shown that under HFC wave conditions, it is possible to extract compounds of such

metals as zinc, cadmium, molybdenum, etc. [150, 154, 156, 157]. Technological possibilities

of using HFC to separate valuable elements from various traditional and, most importantly,

unconventional sources (poor ores, production wastes, heavy oil residues, coal waste, etc.)

are opening up.

1.4.4 Miscellaneous and innovative applications

Hybrid filtration combustion has a broad scope of applications adequately described in this

review. Nonetheless, several miscellaneous and innovative applications show how versatile

HFC as a feasible alternative could be. Wood has been used for centuries; residential wood

combustion is one of the most polluting activities in many countries [158, 159]. Hybrid

filtration combustion can be extended to utilize hybrid pellets (e.g., wood and alumina

spheres) that could act in these devices as feedstocks, enhancing the radiation as a dominating

heat transfer mechanism. Moreover, radiant porous burners can impact the gastronomic

industry when using hybrid mixtures in wood-burning cookers. This could be key in the

energy transition process, highlighting less polluting activities.
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1.5 Concluding remarks

A review of hydrogen (H2) and syngas production by hybrid filtration combustion (HFC) has

been made. Shifting the current production of H2 mainly from fossil fuels towards a green

alternative represents a baseline for the development of the HFC technology. Hybrid filtration

combustion has been investigated to produce H2 and syngas from different solid fuels such as

biomass, algae, polyethylene, and coal, and different gasifying agents such as water steam,

air, and gaseous fuel-air mixtures. As analyzed in this review, three parameters are crucial to

optimize the HFC process: the temperature along the reactor, combustion wave velocity, and

H2 and syngas yield. Remarkably, H2 and CO production is totally related to the thermal

behavior of the reactor and the type of gasifying agent used. It could be concluded from the

reviewed studies of HFC that, when using a mixture of air with steam as an oxidizer, the

maximum H2 content in the gaseous products was 25% by volume, being variable for different

fuels. Catalysts and/or an oxygen-enriched oxidant could enhance the H2 yield. For filtration

regimes, when the front velocity is limited by the supply of oxidizer to the combustion zone,

gas-dynamic instability of a flat front is possible. Instability during HFC occurs when the

hydrodynamic resistance of the initial solid backfill is higher than the resistance of the

solid ash residue. The development of instability leads to an alternative combustion mode

featured by the propagation of a separate channel or inclined front. A feasible solution to

this problem was to facilitate the HFC process in a rotating cylindrical reactor with a certain

angle of inclination, which enhances mixing of the solid material by change in gravity. Lateral

feeding of powdered solid fuel mixed with the secondary oxidant stream and replacing the

fixed bed by a moving one are also among the improvements explored in the reactor design

and operation. Many challenges have been identified in this chapter. Extended research is

needed in the characterization of HFC reactors, modeling and simulation of different systems

and operational conditions, economic analysis, and environmental impact assessment before

materializing a complex matrix for H2 production. Further studies aiming to optimize the

operation of the reactor in a continuous solid fuel feed with the stabilization of the combustion

wave at an optimum position regime would be of significant interest. Finally, a necessary

transition from gray to green hydrogen production could be aided by using solar and other
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renewable energy sources to produce hydrogen and syngas.

1.6 Hypothesis

The hypothesis of this doctoral thesis postulates:

1. The porous structure of carbonaceous materials, where heterogeneous chemical reac-

tions take place, among with diffusivity, porosity and flow conditions influence the

mass transfer of reactants and products during gasification.

2. A hybrid porous media reactor exposed to concentrated solar energy will enhance

allothermal gasification of carbonaceous materials at low temperatures for renewable

hydrogen generation.

1.7 Research objectives

The main goal of this doctoral project is to study experimentally and numerically the ther-

mochemical conversion of solid carbonaceous materials, using hybrid porous media reactor

exposed to concentrated solar energy and a chemically reacting fixed-bed towards a renewable

hydrogen and syngas generation.

Specific goals of this doctoral project are listed below:

1. Understand the fundamentals of the theory of inert porous media combustion, hybrid

filtration combustion and solar-driven gasification through a literature review.

2. Numerically study heat and mass transfer inside a chemically reacting fixed-bed as-

sessing Reynolds number, inflow gas temperature and oxidative atmosphere.

3. Study heat and mass transfer inside a carbon char particle using macro-pore-resolved

and porous media numerical approaches.

4. Investigate the feasibility of a 2D axisymmetric porous media numerical model to

represent a 3D particle-resolved approach of carbon char gasification.
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5. Perform experiments in a hybrid porous media reactor exposed to concentrated solar

energy, focusing on hydrogen and syngas production.

6. Identify the most significant operational parameters according to experimental and

numerical results to propose improvements to the processes for further research.
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2.1 Abstract

This chapter reports a computational investigation of the combustion of char particles in

a fixed-bed using a three-dimensional model. Numerical simulations were carried out us-

ing the commercial software Ansys® Fluent, implementing a six semi-global kinetic scheme,

where carbon monoxide combustion, forward and backward water-gas-shift reaction (WGS),

Boudouard reaction, and two other heterogeneous reactions take place inside the reactor

composed of 85 spherical particles. The diameter of the particles is 5.6 mm. Laminar flow

regime (Rein = 50, 75 and 100), inflow gas temperature in the range of 900-1500 K, and

mass fraction of oxygen at the inlet (YO2,in) of 0.05, 0.11, and 0.233 are the parameters of

interest to study the heterogeneous combustion of carbon char particles inside the unit. The

Boudouard reaction and oxidation of carbon monoxide are dominant among heterogeneous

and homogeneous chemical reactions, respectively, being the inflow gas temperature a critical

parameter to assess, since the kinetic scheme is dramatically activated at higher tempera-

tures. A linear dependency has been found for species concentration and temperature profile

in most of the simulations using YO2,in = 0.05. Further studies are necessary to extend this

research to intrinsic chemical reactions (tracking of porosity and particle radius), and the

hybridization of the bed zone by incorporating inert solid particles into the system.

Keywords : Heterogeneous combustion, Fixed-bed reactor, Computational fluid dynam-

ics (CFD), Carbon char particles, Chemical kinetics.
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Nomenclature
Roman Symbols Definition Greek Symbols Definition

A Pre-exponential factor ϵ Emissivity

C Concentration, kmol ·m−3 λ Thermal conductivity, W ·m−1 ·K−1

D Mass diffusion coefficient, m2 · s−1 µ Viscosity, Pa · s

d Diameter, m ρ Density, kg ·m−3

Ea Activation energy, J ·mol−1 σ Stefan-Boltzmann constant, W ·m−2 ·K−4

h Enthalpy, J · kg−1 τ Stress tensor, Pa

k Reaction rate constant Abbreviations Definition

M Molecular weight, kg ·mol−1 CFD Computational fluid dynamics

ṁ′′ Net mass flux gas-surface, kg ·m−2 · s−1 HFC Hybrid filtration combustion

n Normal vector SMR Steam methane reforming

p Pressure, Pa Subscripts Definition

R Universal gas constant, J ·mol−1 ·K−1 bed zone Bed zone

R̂ Production rate, mol ·m−2 · s−1 C at carbon char particle

Re Reynolds number i species i

u⃗ Velocity, m · s−1 in Inlet

T Temperature, K p Particle

Y Mass fraction surf Particle surface

2.2 Introduction

Fixed-bed reactors have great research interest since their multiphase and multiscale model-

ing have been widely studied on typical applications in the chemical industry, including steam

methane reforming (SMR), and energy storage, among others [1–3], and for thermochemical

conversion of carbonaceous materials under pyrolysis conditions, where thermogravimetric

analysis (TGA) has similar kinetic approaches when compared to fixed-bed units [4, 5].

Modeling a multiscale and multiphysics phenomenon, such as a chemically reacting fixed-

bed requires the understanding of transport properties in the gaseous phase and the coupling

of boundary conditions at the surface of the solid fuel particles, which describe heterogeneous

chemical interactions. This research focuses on the heterogeneous combustion of carbon char

particles in a fixed-bed. Previous computational fluid dynamics (CFD) studies have been

carried out for this fuel using a single spherical particle [6–8]. Gururajan et al. [6] explored

the steady-state combustion of a coal particle, using a detailed model in which surface ox-

idation and volatilization of the coal particle were included. To the best of the authors’
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knowledge, there is no reported research regarding a three-dimensional approach for chem-

ically reacting particles in a fixed-bed, which offers a tremendous opportunity to explore

these units using advanced computational methods. Safronov et al. [7] studied the oxida-

tion of a single moving particle in a laminar flow regime, assessing the effect of the particle

Reynolds number (Rein), finding a strong relationship between this parameter and oxidation

regimes (kinetically, diffusion, transitional). Furthermore, Richter et al. [8] investigated the

influence of particle velocity, temperature, and species composition of the gaseous phase on

the consumption rate of a single carbon particle, showing how increasing the Rein enhances

species transport to the particle surface, going from a diffusion to a kinetically controlled

regime.

On the other hand, the heterogeneous combustion phenomenon has been identified as

a challenge specifically to char since an important amount of physical processes are taking

place on the surface of the particles [9]. This process has been the focus of numerical studies

for roughly one hundred years. The first approaches developed by Nusselt [10], and Burke

and Schuman [11] proposed one and two-film analytical models, respectively. Since currently

the computational resources, power, and technology have dramatically increased, it is now

feasible to simulate complex engineering applications. The pioneer models are nowadays used

only for validation. Furthermore, numerical simulations for studying carbon thermochemical

conversion have been reported in the literature [12–18], where a complex phenomenon on

the surface of the particles resulting from the interaction of the gaseous and solid phases

could be observed, in addition to the transport properties and the radiation as dominant

heat transfer mechanism. Libby and Blake [12] studied the carbon consumption in a hot

atmosphere considering the effect of water vapor, while Cho et al. [14] obtained information

regarding the interaction of multicomponent molecular diffusion, heterogeneous chemical

reactions in and around chemically reacting particles. Stauch and Maas [15] investigated

the burning process of a single carbon particle in air at isobaric conditions, observing a

linear relationship between the burning rate and oxygen concentration of the inflow gas with

negligible dependency on ambient pressure. Most recently, Qian et al. [17, 18] studied the

pyrolysis of sub-bituminous coal in a fixed-bed reactor, remarking the relevance of phase

change for water and due to heterogeneous reactions, also recognizing radiation as dominant
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heat transfer mechanism for volatiles release.

To improve the understanding of coupling complex interactions between gaseous and

solid phases, the effects of different flow regimes and ambient conditions on a chemically

reacting fixed-bed must be assessed. The aim of this study is to analyze the heterogeneous

combustion of carbon char particles, proposing a three-dimensional CFD particle resolved

model using a fixed-bed reactor assessing inflow gas temperature, Reynolds number, and

mass fraction of oxygen at inlet conditions.

2.3 Model Formulation

2.3.1 Chemical and Physical modeling

The model was formulated to simulate the heterogeneous combustion of carbon char particles

in a fixed-bed reactor. For these purposes, all simulations were carried out using a commer-

cial software package. Figure 2.1a depicts the geometry used for all simulations, where 85

spherical particles were located in the bed zone, and subsequently placed in a stationary

position. The inflow gas consisted of several mass fractions of O2 (YO2,in = 0.05, 0.11, and

0.233), 0.001 mass fraction of H2O, the rest is nitrogen (YN2 = 1 −
∑

i Yi). The diameter

of each particle (dp) was set to 5.6 mm, following experimental data found in the literature

for porous media combustion [19, 20] and hybrid filtration combustion (HFC) [21, 22] ap-

plications since this study is a first three-dimensional numerical approach based on these

multiphysics phenomena. HFC was also the reference process for determining the inflow gas

temperature (Tin) selecting the range of 900-1500 K, since transforming organic or fossil-based

materials such as coal into a gaseous fuel in the presence of an oxidant mixture/gasifying

agent [23, 24] require high temperature (around 1100 K) [25, 26]. In particular, for the appli-

cation of hydrogen/syngas production from carbonaceous feedstocks using this technology,

a temperature range of 900-1800 K can be achieved for different equivalence ratios due to

the intensification of heat transfer mechanisms inside the reactor [27, 28].

The Reynolds number (Re) was defined based on the particle size as described in Equation

50



Inflow Outflow
Bed Zone

85 particles, dp= 5.6 mm
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Figure 2.1: Schematics of the domain (a), 2D mesh slice (b) and 3D geometry (c) of the
fixed-bed reactor model.
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2.1:

Rein =
ρin|u⃗in|dp

µin

(2.1)

where ρin is the density, u⃗in is the inlet velocity, and µin is the viscosity of the inflow gas

mixture.

The chemical kinetic mechanism is modeled using a semi-global scheme, with three hetero-

geneous reactions at each particle surface (Reactions R1 to R3), and three homogeneous

reactions (Reactions R4 to R6) taking place in the gaseous phase. R2 is the Boudouard re-

action, R4 describes the oxidation of carbon monoxide (CO), where water acts as a catalyst

species in the oxidation of CO, R5 and R6 represent the forward and backward water-gas

shift (WGS) reaction, respectively. The global reaction scheme is properly described below:

R1: 2C(s) +O2 −→ 2CO

R2: C(s) + CO2 −→ 2CO

R3: C(s) +H2O −→ CO+H2

R4: CO+ 0.5O2
H2O−→ CO2

R5: CO+H2O −→ CO2 +H2

R6: CO2 +H2 −→ CO+H2O

Kinetic parameters and reaction rates of both heterogeneous and homogeneous reactions

were based on the Arrhenius law, mathematically described by Equation 2.2, and listed in

Table 2.1 as follows [12, 29, 30]:

k = AT nre−
Ea
RT (2.2)

where k is the rate constant for reaction, A is the pre-exponential factor, Ea is the activation

energy, R is the universal gas constant, T is the temperature, and nr is the temperature

exponent.
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Table 2.1: Kinetics parameters and reaction rates for heterogeneous combustion of char
carbon particles.

Equation Ri

[
mol
m2·s

]
A Ea

[
J

mol

]
nr

R1 kr,O2CO2 , s 1.5 · 105 1.494 · 105 0
R2 kr,CO2CCO2 , s 4.605 1.751 · 105 1
R3 kr,H2OCH2O, s 11.25 1.751 · 105 1
R4 kr,COCCOC

0.5
H2O

C0.25
02

1.25 · 1011 1.67 · 105 0
R5 kr,COCCOCH2O 2.74 · 106 8.36 · 104 0
R6 kr,CO2CCO2CH2 1.0 · 108 6.28 · 104 0

2.3.2 Governing equations

Numerical simulations require assumptions to save time and computational resources. In

particular, for a chemically reacting fixed-bed model, this is an essential step for reaching

convergence considering the geometry and complexity of this multiphysics phenomenon.

The following assumptions were applied to the steady-state model for the set of all the

conservation equations (Equations 2.3 to 2.6), also described below:

1. The fixed-bed of the reactor is composed entirely of spherical non-porous carbon char

particles.

2. The volatilization of fuel particles is not included, due to the steady-state feature of

the model.

3. The density (ρ) follows the incompressible ideal-gas law.

4. The gaseous phase behaves as an incompressible flow with p = 105 Pa.

5. The buoyancy effect is neglected.

Conservation equation for mass transport:

∇ · (ρu⃗) = 0 (2.3)
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Conservation equation for momentum transport:

∇ · (ρu⃗u⃗) = −∇p+∇ · τ (2.4)

Conservation equation for species transport:

∇ · (ρu⃗Yi) = ∇ · (ρDi∇Yi) +Ri (2.5)

Conservation equation for energy transport:

∇ · (ρu⃗h) = ∇ · (λ∇T )−
∑
i

h0
i

Mi

Ri (2.6)

where τ = µ
(
∇u⃗+∇u⃗T

)
is the stress tensor. Species i is any reacting participant involved in

the heterogeneous combustion process, i.e., O2,CO2,CO,N2,H2O, Di is the mass diffusion

coefficient, λ is the thermal conductivity, hi is enthalpy, h0 is the enthalpy of formation,

Mi is molecular weight, Yi is mass fraction, Ri is the net production rate, and R̂i,r is the

Arrhenius molar rate of creation/destruction for species i, respectively. The last two terms

are calculated using Equations 2.7-2.8, where v′′i,r and v′i,r are the stoichiometric coefficients

for reactants and products in the reaction r, η′j,r and η′′j,r are the forward and backward rate

exponents in the reaction r for each chemical species j.

Ri = Mi

∑
r

R̂i,r (2.7)

R̂i,r =
(
v′′i,r − v′i,r

) [
kr

N∏
j=1

C
(η′j,r−η′′j,r)
j,r

]
(2.8)

2.3.3 Boundary conditions

At the inlet of the fixed-bed reactor, the following Dirichlet boundary conditions are consid-

ered for inflow gas velocity, species mass fractions, and temperature, described by Equation
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2.9. No heat flux has been imposed for the reactor walls.

u⃗ = u⃗in, Yi = Yi,in, T = Tin (2.9)

Since there is an important interaction between gaseous and solid phases on the surface of

the particles, mass and energy balance at the interface are affected by the heterogeneous

chemical reactions (R1 to R3). The production and destruction rates of gaseous species

caused by these reactions along with convective and diffusive mass fluxes of the gas phase

species at the surface are crucial to set the boundary conditions shown in Equations 2.10

to 2.12 [31]. Heterogeneous reactions may modify also the ’no-slip’ condition used typically

for zero velocity for fluids on chemically non-reacting surfaces, notably affecting combustion

of carbon char particles [32, 33]. In this case, the velocity may be nonzero, also called

Stefan flow, which characterizes the net mass flux between surface and gas, and may be

mathematically represented by Equation 2.13 [34, 35].

ρwall Di
∂Yi, wall

∂n
− ṁ′′

CYi, wall = MiR̂i,s (2.10)

ṁ′′
C =

NR∑
i=1

MiR̂i,s (2.11)

n · λ∇T |gas =
N∑
j=1

MiR̂i,sh
0
j + ϵsσ

(
T 4
surf − T 4

in

)
(2.12)

n · u⃗ =
ṁ′′

C

ρ
(2.13)

where n is the normal vector to the wall, ϵs is the emissivity (ϵs ≈ 1.0 for solid carbon),

σ is the Stefan-Boltzmann constant, R̂i,s is the production rate of species i due to surface

chemical reactions, ṁ′′
C is the net mass flux between surface and gas, indexes wall and surf

refer to gas side at the wall and surface of the particles, respectively.
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2.3.4 Numerics and validation

Simulations were carried out using the commercial software Ansys® Fluent 2022R2 [36],

where the aforementioned governing equations were solved by applying an implicit finite

volume technique. The scheme of the computational domain, grid structure, and resolution

of the fixed-bed reactor is schematically depicted in Figure 2.1. Coordinates of particles

were generated using the open source DEM software YADE [37]. Mechanical properties of

the particles and validation of the software may be found in the literature [38]. To avoid

deformation of the cells by contact point, gap size of less than 1% of the particle diameter

have been imposed between spheres after shrinking the particles [39, 40]. A grid independence

study was carried out by using several mesh sizes, specifically using 619,461, 1,972,845, and

3,677,036 polyhedral cells, being the 1,972,845 cells mesh selected for further simulations (See

section 3.1). As a first three-dimensional numerical approach, only surface of the particles

is meshed. For the same size of the reactor, a particle size smaller than 5.6 mm would

increase the mesh size and thus, simulation times will increase. As three-dimensional CFD

projects require an important amount of computational resources, this model is used to

understand the phenomenon in a lower scale when compared to experiments. As a matter

of fact, including the real amount of particles (200 particles normally used in experiments)

and reactor dimensions will lead to an unacceptably large increase in the number of control

volumes to simulate, therefore several months will be necessary to achieve convergence in

such cases using a high-performance computing system. The solution method for coupling

pressure and velocity was the semi-implicit method for pressure-linked equations (SIMPLE)

scheme [41]. Radiation was considered using the P-1 model [42] since it plays a crucial

role as a heat transfer mechanism inside the fixed-bed reactor, specially due to gas-to-gas

radiation. Convective terms, species, and energy were discretized using an upwind second-

order scheme. The under-relaxation factors were set at 0.5 for momentum, energy 0.8, and

species 0.5, except for carbon dioxide (0.7), and oxygen (0.3), as the kinetic scheme involved

in the process has a critical effect on these species’ conservation. The iterations were stopped

when the residual for all equations was less than 10−5, which required approximately 5 · 104

iterations until convergence.
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2.4 Results and discussion

2.4.1 Grid independence study

As shown in Figure 2.1, the chemically reacting fixed-bed reactor is composed of three

zones: in, bed, and out (from left to right), being the bed zone the most critical section of

the reactor, since here is where the 85 spherical particles are located, and therefore, where

heterogeneous chemical reactions take place. A grid independence study was performed by

analyzing coarse and fine mesh sizes, using 619,461, 1,972,845, and 3,677,036 polyhedral

cells, which were obtained by locally refining the surface of the particles. Figure 2.2 shows

the mesh of the bed zone of the reactor in its original form (619,461 polyhedral cells), using

one (1,972,845 polyhedral cells) and two levels of refinement (3,677,036 polyhedral cells),

respectively. The criteria for deciding which mesh size is more suitable for the setup under

study is a difference below 5% between two grids. This was evaluated for crucial variables,

such as temperature and mass fraction of CO2 (YCO2) on the surface of the particles (Area-

weighted averaged) and in the bed zone (Volume averaged). Figure 2.3 and Tables 2.2 and 2.3

summarize the results for grids 1,972,845 and 3,677,036 polyhedral cells, observing difference

no higher than 2.5% between both of them. As a matter of fact, the highest difference in the

registered values was 2.147%. Therefore, all numerical simulations were carried out using

the mesh size of 1,972,845 polyhedral cells.

Table 2.2: Results for temperature grid independence study.

Tsurf , K Tbedzone, K
Tin, K 1, 972, 845 cells 3, 677, 036 cells Dif., % 1, 972, 845 cells 3, 677, 036 cells Dif., %
900 1205.161 1205.153 0.001 1209.243 1209.178 0.005

1100 1210.695 1212.084 0.115 1220.637 1222.167 0.125

1300 1224.219 1225.405 0.097 1238.694 1240.187 0.120

1500 1247.065 1245.843 0.098 1267.398 1266.0634 0.105
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(a) (b) (c)

Figure 2.2: Mesh of bed zone of the reactor with different levels of refinement on particles
surface (a) 619,461 polyhedral cells, (b) 1,972,845 polyhedral cells, and (c) 3,677,036 poly-
hedral cells.

Table 2.3: Results for YCO2 grid independence study.

YCO2,surf , [-] YCO2,bedzone, [-]
Tin, K 1, 972, 845 cells 3, 677, 036 cells Dif., % 1, 972, 845 cells 3, 677, 036 cells Dif., %
900 0.0437289 0.0438657 0.312 0.0445701 0.0447017 0.294

1100 0.0585866 0.0597813 1.998 0.0594507 0.0606297 1.945

1300 0.0815193 0.0833133 2.153 0.0821038 0.0839054 2.147

1500 0.1183061 0.1183432 0.031 0.117745 0.1177906 0.039

2.4.2 Influence of inflow gas temperature

Simulations were carried out testing different inflow gas temperatures (Tin), particularly

in the range of 1100-1500 K, which results are shown in Figure 2.4. Regarding oxygen

concentration along the reactor (YO2), Figure 2.4a shows the concentration profile of oxygen
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Figure 2.3: Temperature on surface of particles (a), and bed zone (b). Mass fraction of CO2

on surface of particles (c), and bed zone (d) for several mesh sizes.
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decreasing as the inflow gas meets the carbon char particles in the bed zone. Moreover,

the consumption of oxygen is greater for higher values of Tin, observing almost complete

consumption of oxygen along the reactor for 1500 K. The mass fraction of hydrogen (YH2)

is depicted for YO2,in = 0.11 in Figure 2.4b, where profiles show how production of H2

increases with the inflow gas temperature. Furthermore, hydrogen is produced particularly

in R3 and R5, so it is involved both in heterogeneous and homogeneous chemical reactions.

Carbon monoxide mass fraction YCO profiles are quite consistent with the literature since

all heterogeneous reactions (R1 to R3) produce CO, so it is produced basically due to the

gas-solid interactions on the surface of the particles. This is depicted in Figure 2.4c, where a

positive evolution over the inlet temperature is observed. In the case of CO2, it can be noticed

that the mass fraction of carbon dioxide (YCO2) increases with the inflow gas temperature

for all cases under study as shown in Figure 2.4d, no matter the Reynolds number or mass

fraction of oxygen at the inlet of the reactor.

2.4.3 Influence of Reynolds number

Reynolds numbers based on particle size (Rein) of 50, 75, and 100 were numerically studied

in the reactor. From an elemental perspective, as Rein increases, a higher inlet velocity (u⃗in)

is observed. Thus, the possibility to experiment external limitations of the chemical kinetic

scheme exists. This phenomenon is consistent with what has been found in the literature by

assessing external Damköhler number [7]. The inlet temperature in the of range 1100-1500

K was assessed for all simulations. Figure 2.5 shows results for the concentration profile

of chemical species involved in both homogeneous and heterogeneous reactions taking place

inside the fixed-bed reactor. It can be observed in Figure 2.5b that there is an inverse pro-

portional relationship between YH2 and Rein, achieving volume-averaged values of magnitude

10−6 for the lowest Reynolds number evaluated in this study. In the case of carbon monoxide

and as shown in Figure 2.5c, the concentration decreases with Rein. For the outlet zone, the

concentration shows some variations since CO is involved in all homogeneous chemical reac-

tions. Regarding the mass fraction of carbon dioxide (YCO2), it decreases with the Reynolds

number as the maximum value is found for Rein = 50 as depicted in Figure 2.5d. Moreover,

the concentration has been found to be lower on the particle surfaces, which is consistent
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(a) (b)

(c) (d)

Figure 2.4: YO2 (a), YH2 (b), YCO (c), and YCO2 (d) for YO2,in = 0.11, Rein = 75 and Tin =
1100 K (a), 1300 K (b), and 1500 K (c).
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with the kinetic scheme since the Boudouard reaction (R2) represents the consumption of

carbon along with CO2. Results confirm what Higuera [43] showed in his research, particu-

larly for the effect of the Reynolds number in the performance of the combustion of a coal

char particle in the presence of dry gas.

2.4.4 Influence of mass fraction of oxygen at inlet condition

Thermochemical processes can be classified according to the ambient mass fraction of oxygen

YO2 . In this regard, it is essential to evaluate the behavior of the domain using several values

based on combustion and gasification, so values of 0.05, 0.11, and 0.233 have been studied

in this research. As stated previously, the numerical setup is based on steady-state and

laminar regime simulations. Nevertheless, some of the cases tested did not converge for

the conditions mentioned above, since oscillating residuals have been observed leading to

a transition regime. This happened specifically for all Reynolds numbers, YO2,in = 0.233,

and inlet temperatures of 1300 K and 1500 K. The influence of YO2,in is shown in Figure

2.6, where mass fraction of chemical species were assessed using Rein = 75 and inflow gas

temperature of Tin = 1100 K. In the case of oxygen, the difference is quite evident since this

parameter will drive the mass fraction of oxygen along the reactor, as clearly depicted in

Figure 2.6a. Moreover, results for hydrogen mass fraction are shown in Figure 2.6b, where

an increase in YO2,in leads to a higher concentration of H2, specially for the zone after the

bed of carbon char particles, which is attributed to the homogeneous chemical reactions

taking place in that part of the computational domain. The same scenario may be observed

in Figure 2.6c as the amount of carbon monoxide increases over YO2,in. Regarding CO2, it

can be observed how the concentration is affected by the mass fraction of oxygen at the inlet

of the fixed-bed reactors. In particular, keeping constant a value for Rein = 75, the mass

fraction of carbon dioxide increases with YO2,in. This could be attributed to the oxidation

of CO (R4) where oxygen is required, being the dominant homogeneous reaction along the

reactor.

It can be observed in Figure 2.7 how both the variables of Rein and YO2,in affect both the

mass fraction of chemical species on the surface of the particles and the net mass flux between

surface and gas (ṁ′′
C). In particular, oxygen decreases over the inflow gas temperature,
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(a) (b)

(c) (d)

Figure 2.5: YO2 (a), YH2 (b), YCO (c), and YCO2 (d) for YO2,in = 0.11, Tin = 1100 K and
Rein and = 50 (a), 75 (b), 100 (c).
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(a) (b)

(c) (d)

Figure 2.6: YO2 (a), YH2 (b), YCO (c), and YCO2 (d) for Rein = 75, Tin = 1100 K and YO2,in

= 0.05 (a), 0.11 (b), 0.233 (c).
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more dramatically between 1100 K and 1300 K. In the case of hydrogen, the slope of the

curves is higher for Rein = 50 as observed in Figure 2.7b, which may be attributed to

the lower velocity of the flow, which leads to a higher conversion of R3 and R5. Carbon

monoxide profile (See Figure 2.7c) shows interesting results since for Rein = 50 between

1300 K and 1500 K the mass fraction does not increase as for the rest of the temperature

range, which could be attributed to the activation of R4 and R5. Moreover, carbon dioxide

on the surface of the particles is related directly to the mass fraction of oxygen at the inlet

of the reactor, and inversely with the Reynolds number (See Figure 2.7d). Moreover, the

effect of the inflow gas temperature is strongly recognized as it increases dramatically from

1100 K to 1500 K. In general terms, and observing the semi-global kinetic scheme used for

this study, the Boudouard reaction (R2) and oxidation of carbon monoxide (R4) are the

most dominant chemical reactions (with higher reaction rates) among heterogeneous and

homogeneous reactions, respectively. Figure 2.7e shows the net mass flux between surface

and gas (or carbon consumption rate) as a function of the inflow gas temperature. Curves

show clear differences between YO2,in under study, being all values of ṁ′′
C positively related

with the presence of oxygen in the inflow gas. Furthermore, a greater slope for all curves

related to YO2,in = 0.11 is observed, specially in the range of 1100-1500 K. Below 1100 K,

there is no significant effect of the Reynolds number, which may lead to a combined effect

at 1300 K. There could be an important effect of the particle size since magnitude achieved

for ṁ′′
C gets higher for a smaller size of spherical particles [7]. In particular, highest values

are close to 0.003 kg ·m−2s−1 at Rein = 100, YO2,in = 0.11, and Tin = 1500 K. It can also

be observed that for a low amount of oxygen in the inflow gas, i.e., YO2,in = 0.05, a linear

dependency of the results is shown for most of the numerical simulations (See Figure 2.7f).

Regarding the temperature achieved inside the reactor, Figure 2.8a shows how the tem-

perature in the bed zone of the reactor slightly increases with the mass fraction of oxygen

at the inlet (YO2,in). The curves are almost similar in the range of 900-1100 K, showing a

more pronounced difference in the range of 1100-1500 K. The same phenomenon is observed

for the temperature on the surface of the carbon char particles (See Figure 2.8b), where the

temperature increases almost without significant difference in the range of 900-1100 K, and

then the temperature increases at higher Reynolds number. Figure 2.8c shows the tempera-
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Figure 2.7: YO2 (a), YH2 (b), YCO (c), and YCO2 (d) on surface of particles, surface-averaged
carbon mass flux (ṁ′′

C) (e) for several YO2,in and Rein, and ṁ′′
C regression for YO2,in = 0.05

(f).
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ture at the outlet of the reactor, where the tendency is similar to the previous zones by not

observing a crucial effect of either Rein or YO2,in. Nevertheless, it can be observed a steep

slope at higher values for inflow gas temperature, which may be attributed to the effect of

the homogeneous chemical reactions (R4 to R6). Furthermore, the mass fraction of species

is depicted in Figure 2.9, where interesting results may be discussed. In particular, Figure

2.9a shows how oxygen is completely consumed for an inflow gas temperature of 1300 K no

matter the Reynolds number for YO2,in = 0.11, presenting a strong decrease in the range

of temperature from 1100 K to 1300 K. Moreover, the mass fraction of hydrogen increases

with Tin in all cases under study. The same scenario may be observed for carbon monoxide

(See Figure 2.9c), where the maximum amount of CO was achieved overall for Rein = 50,

YO2,in = 0.11. Mass fraction of CO2 at the outlet of the reactor is depicted in Figure 2.9d,

where the effect of YO2,in appears to be dominant when compared to the Reynolds number.

The inflow gas temperature has clearly an impact on the performance of the heterogeneous

combustion in a fixed-bed reactor. This has been observed in several works found in the

literature with different configurations. As a matter of fact, Yi et al. [16] evaluated for one

carbon particle how particle diameter, Tin and velocities affected the performance of carbon

combustion.

Figure 2.10 describes the temperature and mass fraction of oxygen and carbon dioxide

along the reactor (left) and particularly in the bed zone (right). The temperature of the

gaseous phase is depicted in Figure 2.10a, where for the outlet zone (after nearly 0.05 m) a

constant slope may be observed for all the results, highlighting the homogeneous chemical

reactions taking place inside the reactor. Moreover, in the case of the bed zone, Figure 2.10b

shows how the temperature of the gaseous phase is slightly higher than the temperature on

the surface of the particles, observing an average and highest difference of 0.085% and 0.391%,

respectively. This was tested as an example for Rein = 50 and considering that all curves

would show the same tendency. Traditional species involved in combustion processes were

also evaluated as a function of the z coordinate, observing in the case of oxygen (See Figure

2.10c) how this species is consumed in the bed zone due to the heterogeneous interactions

occurring there. Interesting result is showed for YO2 since a slight increase after the bed zone

is observed. As a matter of fact, and following the pattern described below, the mass fraction

67



900 1000 1100 1200 1300 1400 1500

T
in

, K

900

1000

1100

1200

1300

1400

1500

1600

T
b

e
d

 z
o

n
e
, 
K

Re
in

 = 50, Y
O

2
, in

 = 0.05

Re
in

 = 50, Y
O

2
, in

 = 0.11

Re
in

 = 75, Y
O

2
, in

 = 0.05

Re
in

 = 75, Y
O

2
, in

 = 0.11

Re
in

 = 100, Y
O

2
, in

 = 0.05

Re
in

 = 100, Y
O

2
, in

 = 0.11

(a)

900 1000 1100 1200 1300 1400 1500

T
in

, K

900

1000

1100

1200

1300

1400

1500

1600

T
su

rf
, 
K

Re
in

 = 50, Y
O

2
, in

 = 0.05

Re
in

 = 50, Y
O

2
, in

 = 0.11

Re
in

 = 75, Y
O

2
, in

 = 0.05

Re
in

 = 75, Y
O

2
, in

 = 0.11

Re
in

 = 100, Y
O

2
, in

 = 0.05

Re
in

 = 100, Y
O

2
, in

 = 0.11

(b)

900 1000 1100 1200 1300 1400 1500

T
in

, K

900

1000

1100

1200

1300

1400

1500

1600

1700

T
o

u
t, 

K

Re
in

 = 50, Y
O

2
,in

 = 0.05

Re
in

 = 50, Y
O

2
, in

 = 0.11

Re
in

 = 75, Y
O

2
, in

 = 0.05

Re
in

 = 75, Y
O

2
, in

 = 0.11

Re
in

 = 100, Y
O

2
, in

 = 0.05

Re
in

 = 100, Y
O

2
, in

 = 0.11

(c)

Figure 2.8: Temperature on the surface of carbon char particles (a) in the bed zone of the
reactor (b) and at the outlet of the unit (c) at several YO2,in and Rein.
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Figure 2.9: YO2 (a), YH2 (b), YCO (c), and YCO2 (d) at the outlet of the reactor for several
YO2,in and Rein.
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of oxygen is higher in the gaseous phase rather than on the surface of the particles, achieving

a maximum difference of 1.70% (See Figure 2.10d). In contrast, Figure 2.10e shows how

carbon dioxide is produced along the reactor, where a more pronounced increase is observed

in the outlet zone being affected entirely by the homogeneous kinetic scheme proposed in

this study. Combustion of carbon char particles leads to a higher amount of CO2 on the

surface of the particles when compared to the gaseous phase with an average and maximum

difference of 9.70% and 29.7%, respectively, as shown in Figure 2.10f.

All of the presented results show the effect of the Rein, YO2,in and Tin, considering a

particle size of 5.6 mm and no mesh inside particles. Regarding this particular features, the

role of particle porosity is crucial to study how the conversion process behaves over time.

In particular, Dierich et al. [44] presented a CFD-based model for tracking the chemically

reacting interface and porosity of a single spherical particle of carbon moving in a hot CO2

gas, where it has been demonstrated that Stefan flow inside the particles play a crucial role

in the mass transfer process, and Reynolds number is relevant for accelerating the particle

conversion time. Moreover, Nguyen et al. [45] explored the morphology evolution of char

particles during fuel conversion at different operating conditions using the Random Pore

Model for describing how the specific surface area varies over carbon consumption [46, 47].

Both of the aforementioned works were simulated using a 2D axisymmetric model. In the

current study, there is no mesh inside particles, since assessing surface of the particles is

the first step of an increasing complexity process. On the other hand, particle shape has

been discussed in the past years [48], where non-spherical char particles where considered for

evaluating the conversion process in the flame zone of an entrained-flow gasifier. Main find-

ings are related to the shape development (transient simulation) over the conversion process,

where the Reynolds number is the crucial parameter to consider (drag coefficient will change).

Furthermore, ellipsoidal, cylindrical, conical, rhomboidal, among other particle shapes have

been considered for evaluating the performance of the pseudo-steady state approach for car-

bon particle combustion/gasification [49]. Even considering the same volume of a particle,

the surface area will be changing depending on the shape of the particle, therefore the effect

of heterogeneous chemical reactions may be intensified in some cases when compared to a

spherical particle. In terms of computational resources, the more complex and irregular the
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Figure 2.10: Temperature of the gaseous phase (Tgas) along the reactor for several Rein (a),
Temperature of gas and solid phases in the bed zone of the reactor for Rein = 50 (b), YO2

along the reactor for several for Rein (c), YO2 in the bed zone of the reactor for Rein = 50
(d), YO2 along the reactor for several for Rein (e), YCO2 in the bed zone of the reactor for
Rein = 50 (f), YO2,in = 0.11 and Tin = 1100 K.
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geometry, the more cell volumes are necessary to have a suitable numerical approach. No

matter the particles shape, it would be expected a higher mass fraction of carbon dioxide

(YCO2) closed to the particles when the inflow gas temperature is higher. Here the endother-

mic Boudouard reaction may impact negatively in the temperature surface due to the high

presence of CO2 in the downstream part of the particles. Finally, results of this case will be

enhanced to Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS)

modeling approaches of turbulent heterogeneous combustion.

2.5 Concluding remarks

In this work, the heterogeneous combustion of a chemically reacting fixed-bed reactor using

85 spherical carbon char particles was investigated using a three-dimensional CFD-based

approach under steady-state and laminar flow regime conditions. Critical parameters of

Rein, YO2,in, and Tin were assessed, observing interesting results. Based on the proposed

semi-global chemical kinetic scheme, the mass fraction of species (Yi) showed consistency

when describing the heterogeneous combustion of carbon char particles. Boudouard reaction

(R2) was the dominant chemical reaction among the heterogeneous interactions taking place

on the surface of the particles, while oxidation of carbon monoxide (R4) was dominant among

homogeneous chemical reactions. There is a relevant influence of the inflow gas temperature

(Tin) in the performance of the kinetic scheme since chemical reactions are dramatically

activated from 1300 K. It was found that for YO2,in = 0.05 almost all dependencies had a

linear behavior. The highest difference between surface of particles and gaseous phase in

the bed zone of the reactor was found for carbon dioxide, achieving a maximum value of

29.7%. This research shows a remarkable potential for various applications since this three-

dimensional approach can successfully predict the heterogeneous combustion of carbon char

particles using a fixed-bed reactor in terms of thermal and concentration of species profiles,

showing an important place to further explore using different flow regimes and boundary

conditions. This study may be considered as a benchmark case for validation of 1D and 2D

models, where a continuum numerical approach (porous media model) might be validated

against 3D particle-resolved simulations. Further studies are necessary to assess turbulent

72



flow regime, intrinsic chemical reactions (tracking of porosity and particle radius), a wider

range of inflow gas temperature, a more detailed chemical kinetics mechanism, and the

hybridization of the bed by incorporating inert solid particles into these type of units.
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3.1 Abstract

This work presents a comparative computational study of the heterogeneous combustion

of a single spherical carbon char particle in hot atmospheres with different O2 concen-

trations using porous media model (PMM) and macro-pore-resolved simulations (PRS). A

two-dimensional axisymmetric computational fluid dynamics model (2D CFD) in a pseudo-

steady-state approach (PSS) is performed. In both cases, a semi-global kinetic scheme is

implemented, including three heterogeneous and three homogeneous chemical reactions. Sev-

eral Reynolds numbers (Rein = 10, 50, and 100), inflow gas temperatures (Tin = 1100-2000

K), and inlet mass fractions of oxygen (YO2,in = 0.05 and 0.11) are assessed. Results show

good agreement between PMM and PRS, specially for Tin = 2000 K, where the deviation

in the values for species was not higher than 8.3%. Maximum deviation for CO2 was 1.54%

when evaluating the maximum values for species concentration. In addition, the effects of

the gasifying conditions, oxidative regime, and tortuosity on the partial oxidation process

are discussed.

Keywords : Chemical kinetics, Heterogeneous combustion, Mass diffusivity, Pore-resolved

simulation, Porous media model.
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Nomenclature
Roman Symbols Definition Greek Symbols Definition

A Pre-exponential factor α Permeability, m2

C Concentration, kmol ·m−3 ϵ Emissivity

D Molecular diffusivity, m2 · s−1 ε Porosity

d Diameter, m λ Thermal conductivity, W ·m−1 ·K−1

Ea Activation energy, J ·mol−1 µ Viscosity, Pa · s

h Enthalpy, J · kg−1 ρ Density, kg ·m−3

k Reaction rate constant τ Stress tensor, Pa

M Molecular weight, kg ·mol−1 τ Tortuosity

ṁ′′ Net mass flux gas-surface, kg ·m−2 · s−1 Abbreviations Definition

N Number CFD Computational fluid dynamics

nr Temperature exponent HFC Hybrid filtration combustion

p Pressure, Pa PMM Porous media model

R Universal gas constant, J ·mol−1 ·K−1 PRS Pore-resolved simulation

R̂ Production rate Subscripts Definition

Re Reynolds number g Gas phase

S Source term i species i

S ′′′ Specific surface area, m−1 in Inlet

T Temperature, K m Mass

u⃗ Velocity, m · s−1 p Particle

Y Mass fraction R Reaction

3.2 Introduction

Coal is one of the most relevant solid fuels since it supplies more than one-third of the global

electricity generation, playing a relevant role in the economy and industrial sector. The

global coal demand reached a record high in 2022, rising by 4% year-on-year to 8.42 billion

tonnes, and it is expected to reach a new record in 2023 (an increase of 1.4%) [1]. Carbon

char particle combustion stands as a fundamental research topic that has been extensively

explored [2–8], specifically the heterogeneous combustion of char. This challenge arises since

several physical processes are taking place on the surface of the particles, being widely studied

for approximately a hundred years now [9].

Numerical simulations for studying carbon thermochemical conversion have been widely

documented in the literature [10–15]. In particular, studies have assessed the steady-state

combustion of a coal particle [3], the oxidation of a single moving particle under laminar
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regime conditions [4], the consumption rate of carbon based on the effect of critical param-

eters such as inlet velocity, composition, and temperature [5] using a detailed model that

integrates surface oxidation and volatilization processes of the coal particle. The individual

effect of oxygen and steam concentration on the reaction behaviors of a single coal char par-

ticle and the particle motion (translation and rotation) has also been assessed in recent years

[6, 8]. Furthermore, a strong relationship between the particle Reynolds number (Rein) and

oxidation regimes (kinetically-controlled, transition, diffusion-controlled) related to species

transport to the particle surface has been found. In addition, interesting findings relate to

the relationship between burning rate and oxygen concentration at the inlet of the reactor

[13]. For the thermochemical conversion at a low oxygen concentration in a fixed-bed re-

actor, radiation has been identified as the dominant heat transfer mechanism, highlighting

the relevance of heterogeneous reactions and the phase change of water along the process

[14, 15].

The role of particle porosity (ε) is crucial to studying how the conversion of carbon occurs

over time. A CFD-based model for tracking the reacting interface and porosity in a hot CO2

gas has been explored, highlighting the relevance of Stefan flow inside carbon particles in

diffusion phenomena, where also Rein is a parameter of interest when accelerating the particle

conversion rate [16]. The random pore model (RPM) has also been studied in extension for

modeling the porosity and specific surface development under a kinetically-controlled regime

and three-dimensional geometry of a spherical carbon char particle, where fragmentation of

the particle depends on instantaneous porosity and carbon conversion due to disaggregation

of the pore walls [17]. However, it should be noted that one of the first 2D and 3D pore-

resolved CFD-based simulations of chemically reacting char particles was reported by Richter

et al. [5] and [18, 19], respectively. It was shown that endothermic heterogeneous reactions

such as C + CO2 and C + H2O and the Stefan flow inside and around the particle play a

significant role in the heat and mass transfer balances.

The numerical simulation of gasifiers has been assessed based on the inherent complexity

of the interactions between a hot oxidant gaseous mixture and coal particles, where parti-

cle trajectory, flow field, and size of particles have been objects of study when pyrolysis,

devolatilization, and thermal conversion occur [19]. Reynolds number is essential to con-
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sider when the particle shape is considered as non-spherical, since the drag coefficient will

change depending on the shape, along with its shape development in a transient state over

the conversion of the particle in the flame zone of an entrained-flow gasifier [20]. Most

recently, carbon char thermochemical conversion has been studied in a fixed-bed gasifier

using surface-based reactions [21]. Moreover, Lattice Boltzmann simulations have been per-

formed to represent catalytic reactions inside a single particle [22] and inert porous media

combustion [23]. Nevertheless, the complexity of the computational domain does not al-

low for conducting a study with a large number of particles (250-300 solid fuel particles

are commonly used in laboratory-scale experiments) or even intrinsic chemical reactions for

heterogeneous combustion. Thus, this research focuses on applying a porous media model

(PMM) to the heterogeneous combustion of a single spherical carbon char particle using

air and steam as oxidant agents and its validation against Pore-resolved simulations (PRS),

since pore-resolved CFD simulations of chemically reacting particles are extremely expensive

in terms of computational resources. This validation is necessary and could potentially en-

able the use of the PMM approach in particle-resolved fixed-bed units with porous particles

[24, 25]. In particular, Fong et al. [24] reported a hybrid PRS-PMM approach where macro-

pores were directly resolved by computational mesh and the micro- and meso-porous were

taken into account by effective diffusion coefficient within effective-continuum equations. It

should be noted that validation of porous media-based models for a single particle against

pore-resolved simulations is widely used in the heat and mass transfer theory. For example,

Wittig et al. [26, 27] compared Nusselt numbers for porous and non-porous particles using

pore-resolved 3D CFD simulations.

Finally, the novelty of this work consists of performing comparative numerical studies of

the intraparticle heat and mass transfer in a chemically reacting porous particle moving in a

hot gas, where numerical models are based on the so-called pore-resolved and porous media

approach CFD simulations. The main objective of this research is the illustration of differ-

ences between the porous media approach, which is computationally suitable for modeling

a large number of reacting porous particles, and direct numerical modeling of a chemically

porous particle resolving macro-pores directly. To validate the applicability of PMM in an

intrinsic heterogeneous combustion process, the effects of different flow regimes under several
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gasification conditions and a thorough comparison with a PRS numerical approach must be

assessed, as pore-resolved CFD simulations of chemically reacting particles are extremely

expensive in terms of computational resources. This numerical study aims to analyze the

heterogeneous combustion of a single spherical carbon char particle under partial oxidative

conditions in a 2D axisymmetric pseudo-state approach, assessing inflow gas temperature,

Reynolds number, and mass fraction of oxygen at inlet conditions.

3.3 Model Formulation

3.3.1 Problem description

The numerical model was implemented to simulate the heterogeneous combustion of a single

spherical carbon char particle under various gasification conditions within a laminar flow

regime. Figure 3.1 depicts the schematics of the 2D axisymmetric numerical domain used

within two different models, being Pore-resolved simulation (PRS) and the porous media

model (PMM) module available in the commercial software Ansys® Fluent. The diameter

of the particle (dp) was set to 5.6 mm, following theoretical data found in the literature

for filtration and hybrid filtration combustion (HFC) processes [28–31]. The inflow gas

temperature (Tin) selected for this study was in the range of 1100-2000 K [29, 32, 33]. The

dimensions of the computational domain were set to 130dp x 40dp. The characteristics of

the fuel particle can be found in Table 3.1 [20, 34], where inertial resistance, inverse of

permeability, porosity and specific surface were calculated using the geometrical features

of the particle. The inflow gas consisted of two different oxidative atmospheres (YO2,in =

0.05, and 0.11), and mass fraction of H2O (YH2O,in = 0.001 and 0.074), the rest is nitrogen

(YN2 = 1 −
∑

iYi). The inflow gas temperature (Tin) was set in the range of 1100-2000 K,

and the operating pressure was 1 bar.
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Figure 3.1: Schematics of 2D axisymmetric geometry.

Table 3.1: Porous characteristics of carbon char particle.

Parameter Symbol Value
Diameter dp 5.6 mm
Density ρ 1532.8 kg ·m−3

Inertial resistance C2 1835.65 m−1

Inverse of permeability 1
α

6.47 ·106 m−2

Particle porosity ε 0.5393
Specific surface area S ′′′ 8214.64 m−1

The Reynolds numbers (Rein) selected for this study were 50, 75, and 100. The mathe-

matical description is given in Equation 3.1, considering the superficial velocity (u⃗in), which

was calculated using Rein, particle size (dp), and physical characteristics of the incoming gas

flow, i.e., density (ρin) and viscosity (µin).

Rein =
ρin|u⃗in|dp

µin

(3.1)

Carbon char gasification kinetics is modeled by implementing a six semi-global reactions

scheme, with three heterogeneous reactions (Reactions R1 to R3) and three homogeneous

reactions (Reactions R4 to R6) taking place in the porous (inside carbon char particle) and

gaseous phase, respectively. Key reactions are R2 (Boudouard reaction), R4 (oxidation of

carbon monoxide) and R5-R6 (Forward and reverse Water-gas shift, respectively). Kinetic

parameters and reaction rates of both heterogeneous and homogeneous reactions were based

on the Arrhenius law (See Equation 3.2). The kinetic parameters of the mechanism are given
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in Table 2.1 [10, 35, 36]:

k = AT nre−
Ea
RT (3.2)

where A is the pre-exponential factor, Ea is the activation energy, k is the rate constant

for reaction, nr is the temperature exponent, R is the universal gas constant, and T is the

temperature.

R1: 2C(s) +O2 −→ 2CO

R2: C(s) + CO2 −→ 2CO

R3: C(s) +H2O −→ CO+H2

R4: CO+ 0.5O2
H2O−→ CO2

R5: CO+H2O −→ CO2 +H2

R6: CO2 +H2 −→ CO+H2O

3.3.2 Governing equations of pore-resolved approach

Next, we present a system of equations describing the heat and mass transfer inside and

around the porous particle. One of the important limitations of that model in comparison to

the work [24] is the neglecting of the mass transfer inside solid parts of particles representing

porous structures. To proceed, equations 3.3 to 3.6 describe the mathematical conservation

of mass, momentum, species, and energy for the PRS model [5, 20], taking into consideration

the following assumptions:

1. The spherical carbon char particle structure is modeled using macro-pores only.

2. Drying and devolatilization are not included, due to the steady-state feature of the

model.

3. Thermal equilibrium is assumed inside the particle for solid and gas phases.

4. The gas flow behaves as laminar and incompressible (p = 105 Pa) [37].

5. The buoyancy effect is neglected.
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Conservation equation for mass transport:

∇ · (ρu⃗) = 0 (3.3)

Conservation equation for momentum transport:

∇ · (ρu⃗u⃗) = −∇p+∇ · τ (3.4)

Conservation equation for species transport:

∇ · (ρu⃗Yi) = ∇ · (ρDi∇Yi) +Ri (3.5)

Conservation equation for energy transport:

∇ · (ρu⃗h) = ∇ · (λ∇T )−
∑
i

h0
i

Mi

Ri (3.6)

where τ = µ
(
∇u⃗+∇u⃗T

)
is the stress tensor. Regarding the PRS approach, Stefan

flow has been considered, i.e., when the velocity is non-zero at chemically reacting surfaces,

defining the net mass flux between the solid and gas phases [38, 39]. The mathematical

description of the boundary conditions for chemically reacting surfaces has the form [40]:

ρwall Di
∂Yi, wall

∂n
− ṁ′′

CYi, wall = MiR̂i,s (3.7)

ṁ′′
C =

NR∑
i=1

MiR̂i,s (3.8)

n · λ∇T |gas =
N∑
j=1

MiR̂i,sh
0
j + ϵsσ

(
T 4
surf − T 4

in

)
(3.9)

n · u⃗ =
ṁ′′

C

ρ
(3.10)

where n is the normal vector to the wall, ϵs is the emissivity (ϵs ≈ 1.0 for solid carbon), σ is
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the Stefan-Boltzmann constant, R̂i,s is the production rate of species i due to heterogeneous

reactions, ṁ′′
C is the net mass flux between surface and gas. The indexes wall and surf refer

to the gas side at the wall and the surface inside the char particle, respectively. Due to the

laminar regime (Rein < 100), and a low thermal diffusivity inside the solid fuel particle, the

heat flux into the solid is neglected in Equation 3.9.

3.3.3 Governing equations of porous media approach

The following assumptions were applied to the 2D axisymmetric steady-state model for the

set of all the conservation equations (Equations 3.11 to 3.14), describing the porous media

model mathematically [34, 41]:

1. The single spherical carbon char particle is porous.

2. Drying and devolatilization are not considered.

3. The solid and gas phases inside the char particle are in thermal equilibrium.

4. The ambient gas phase is assumed to be isobaric with p = 105 Pa.

5. The gas flow is laminar, and the flow field is axisymmetric.

6. The intrinsic heterogeneous reaction rate constants are modeled using the surface-based

reaction rate multiplied by the specific surface area [16, 34, 42].

Conservation equation for mass transport:

∇ · (ερgu⃗) = Sm (3.11)

Conservation equation for momentum transport:

∇ · (ερgu⃗u⃗) = −ε∇p+∇ · (ετ)−
(
ε2µ

α
u⃗+

ε3C2

2
ρg|u⃗|u⃗

)
+ Smu⃗ (3.12)

Conservation equation for species transport:

∇ · (ερgu⃗Yi) = ∇ · (ερgDeff∇Yi) + εRi (3.13)
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Conservation equation for energy transport:

∇ · (ερgu⃗hg) = ∇ · (λeff∇T )−
∑
i

ε
h0
i

Mi

Ri (3.14)

Species i is any reacting participant involved in the heterogeneous combustion process, i.e.,

H2O,O2,H2,CO,CO2, Deff is the mass diffusion coefficient, λ is the thermal conductivity,

hi is enthalpy, h0 is the enthalpy of formation, Mi is molecular weight, Yi is mass fraction,

Ri is the net production rate, and R̂i,r is the Arrhenius molar rate of creation/destruction

for species i, respectively, which depends if the chemical reaction is heterogeneous (Ri

[
mol
m2·s

]
)

or homogeneous (Ri

[
mol
m3·s

]
). The last two terms are described below, where v′′i,r and v′i,r are

the stoichiometric coefficients for reactants and products in the reaction r, η′j,r and η′′j,r are

the forward and backward rate exponents in the reaction r for each chemical species j.

Ri = Mi

∑
r

R̂i,r (3.15)

R̂i,r =
(
v′′i,r − v′i,r

) [
kr

N∏
j=1

C
(η′j,r−η′′j,r)
j,r

]
(3.16)

The source term incorporated in the continuity equation may be expressed as [43, 44]:

Sm = S ′′′
(
ρg

2MC

MO2

kR1YO2 + ρg
MC

MCO2

kR2YCO2 + ρg
MC

MH2O

kR3YH2O

)
(3.17)

The density of the gaseous mixture was calculated as stated by Equation 3.18. Viscosity

and thermal conductivity were calculated using the kinetic theory [45].

ρg =
P

RT
∑

i
Yi

Mi

(3.18)

Regarding the PMM approach, the porosity (ε = 0.5393) significantly influences the

gaseous flow through the carbon char particle. The value of the porosity was calculated

using the macro-pore geometry (PRS) for the carbon char particle, considering the volume

of gas inside the particle and its total volume. To determine the pressure drop, the Blake-

Kozeny equation may be used, as described in Equation 3.19 [46]. The permeability (α) and
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inertial loss coefficient of flow (C2) in the porous zone are described by Equation 3.20 and

3.21, respectively, where Dp was considered as 1% of the particle diameter [47].

|∆p|
L

=
150µ

D2
p

(1− ε)2

ε3
v∞ (3.19)

α =
D2

p

150

ε3

(1− ε)2
(3.20)

C2 =
3.5

Dp

(1− ε)

ε3
(3.21)

The effective diffusivity (Deff
m,i ) was calculated using user-defined-function (UDF) as follows:

Deff
m,i =

ε

τ

1− xi∑
xi

Dij

(3.22)

where ε is porosity; τ is tortuosity; xi is molar fraction of i-th species; Dij is binary diffusivity

for i− j-th pair. Dij is calculated from the Fuller correlation [47]:

Dij =
0.01013T 1.75

pM0.5
(
V

1/3
i + V

1/3
j

)2 (3.23)

where Vi,j - diffusion volume for i, j-th species [48], which may be found in Table 3.2. The

thermal conductivity (λeff ) inside the porous particle was calculated accordingly:

λeff = ελ (3.24)

Table 3.2: Diffusion volume (Vi) for gaseous species involved in kinetic scheme.

Species Diffusion volume, Vi

Carbon dioxide (CO2) 26.9
Carbon monoxide (CO) 18.9

Hydrogen (H2) 7.07
Nitrogen (N2) 17.9
Oxygen (O2) 16.6
Water (H2O) 12.7
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3.3.4 Boundary conditions

The inlet boundary conditions are specified as Dirichlet conditions for inflow gas velocity,

species mass fractions, and temperature, respectively:

u⃗ = u⃗in, Yi = Yi,in, T = Tin (3.25)

At the symmetry axis as well as at the upper side of the domain, the following Neumann

boundary conditions must be specified for the PMM approach:

∂p

∂r
= 0,

∂u⃗

∂r
= 0,

∂Yi

∂r
= 0,

∂T

∂r
= 0 (3.26)

Furthermore, the interaction between gaseous and solid phases on the surface of the

carbon char particle affects the mass and energy balance at the interface. This impact is

a result of heterogeneous chemical reactions (R1 to R3), influencing the production and

destruction rates of gaseous species caused by these reactions along with convective and

diffusive mass fluxes of the gas phase species at the surface of the particle [40]. A crucial

parameter for heterogeneous chemical reactions is the specific surface area (S ′′′) of the porous

particle. In the literature, the normal value has the order of magnitude of 108 m−1 [34, 49].

In our work, the specific surface area was calculated taking into consideration the macro

PRS model based on geometrical data, being S ′′′ = 8214.64 m−1, which was also used in

the PMM approach when selecting porous zone with the reaction for the domain inside the

carbon char particle. This is a lower value when compared to the literature since it is used

for comparison between PMM and PRS approaches, and only macro pores are solved.

3.3.5 Numerics and validation

Simulations were carried out using the commercial software Ansys® Fluent 2022R2 [45],

where Equations 3.3 to 3.6 were solved. The number of cells was 24610 and 63761 for the

PMM and PRS, respectively. The mesh structure is shown in Figure 3.2 for both numerical

approaches. In particular, Figure 3.2a and 3.2b depict the mesh of the PRS model, with and

without considering the ten-layer solid mesh inside the particle White spaces represent solid
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mesh inside the particle, the rest is occupied by the gas. Each macro-pore has a dimension

of 0.14 mm, i.e., 2.5% of the particle diameter (dp), while the space between macro-pores in

the radial direction have a size of 0.084 mm (60% of each macro-pore). Specific surface area

(S ′′′) was used to consider wall-surface reactions in the porous zone. The solution technique

adopted for coupling pressure and velocity was the semi-implicit method for pressure-linked

equations (SIMPLE) [50]. The P-1 model [51] was used to incorporate radiation, given its

significant role as a heat transfer mechanism within the fixed-bed reactor, particularly in

the context of solid-to-gas radiation. A second-order upwind scheme was used to discretize

convective, species, and energy terms. The under-relaxation factors were set at 0.5 for

momentum, energy 0.8, and species 0.5, except for CO2 (0.7) and O2 (0.3), as the kinetic

scheme involved in the process critically affects these species’ conservation. Initialization

values for carbon dioxide and carbon monoxide were 0.2 and 0.1, respectively. The iterative

process was stopped upon achieving relative residuals of less than 10−6, which required

approximately 105 iterations until convergence for some of the cases under study. The

software was validated both against analytical solutions [4] and experimental data [5, 7,

52]. Functions for effective diffusivity and thermal conductivity in the porous zone were

implemented into the software through a user-defined-function (UDF), where the DEFINE

macros of DEFINE_DIFFUSIVITY and DEFINE_PROPERTY were used, respectively.

3.4 Results and discussion

The simulations were conducted to test various inflow gas temperatures (Tin), particularly

1100, 1500 and 2000 K, oxygen concentration at the inlet of the reactor (YO2,in = 0.05 and

0.11), and Reynolds numbers (Rein) of 10, 50 and 100. The upcoming sections show the

effect of each of these variables on the temperature and species profile along the reactor, also

validating the use of a continuum model against a pore-resolved simulation setup assessing

effective molecular diffusivity and tortuosity. In particular, for all PRS cases, 2D contour

plots are depicted without considering the ten-layer solid mesh inside the particle.
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(a)

(b)

(c)

Figure 3.2: Mesh of carbon char particle for (a) PRS (including solid mesh), (b) PRS (without
solid mesh), and (c) PMM.
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3.4.1 Influence of Reynolds number and inflow gas temperature

In this research, several Reynolds numbers based on particle size (Rein = 10, 50, 100) were nu-

merically studied. Figure 3.3 depicts the effect of the inflow gas temperature and Reynolds

number on the volume-averaged species concentration and temperature inside the carbon

char porous particle. At very high inlet temperatures, the capability of the porous media

model to reproduce a pore-resolved simulation becomes more accurate. It can be observed

how at low inflow gas temperatures (Tin = 1100 K) results deviate considerably when com-

paring PRS and PMM model approaches. From the literature, it would be expected to have

a sustained increase in the temperature (Figure 3.3a), and both hydrogen (Figure 3.3b) and

carbon monoxide (Figure 3.3c) concentration inside the porous domain, which takes place

in all the cases. Nevertheless, and certainly due to the effect of temperature, the mass frac-

tion of CO2 undergoes an important difference between PRS and PMM (See Figure 3.3d).

A profile for oxygen is not reported since the volume-averaged value inside the particle is

negligible. The influence of Reynolds number on the combustion efficiency of a coal char

particle in a dry gas atmosphere is corroborated with the results of Higuera [53].

Furthermore, Figure 3.4 shows the species concentration profiles for oxygen, hydrogen,

carbon monoxide and carbon dioxide (YO2 , YH2 , YCO, and YCO2 , respectively) near and

inside the porous char particle both for pore-resolved simulations (See Figure 3.4a) and

using the porous media model approach (See Figure 3.4b) for YO2,in = 0.11, Rein = 10 and

Tin = 2000 K. In particular, it could be observed how all the chemical species involved in

the gasification of carbon char are consistent with the semi-global kinetic scheme but also

between the two approaches under study. Moreover, a maximum value for the mass fraction

of CO2 of 0.171 and 0.168 for PRS and PMM models, respectively. This represents a slight

difference of 1.54 %, which is not far from the other species, being the difference for maximum

values of 1.38% and 1.28% for CO and H2, respectively.

Figure 3.5a shows contour plots for temperature, which slightly differ inside the porous

particle (deviation of 7.4% of PMM compared to PRS case). As a consequence of the achieved

temperature, the concentration of CO2 shows a similar behavior (See Figure 3.5b). The effect

of carbon monoxide oxidation (R4) is considered dominant in this kinetic scheme, along with
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Figure 3.3: Volume-averaged (a) Tp, (b) YH2 , (c) YCO, and (d) YCO2 inside carbon char
particle for YO2,in = 0.11 and Rein= 10, 50 and 100.
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(a) (b)

Figure 3.4: YO2 , YH2 , YCO, and YCO2 for Rein = 10, Tin = 2000 K, and YO2,in = 0.11. (a)
PRS and (b) PMM.
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(a) (b)

Figure 3.5: (a) Temperature and (b) YCO2 inside and near the particle for Rein = 10,
YO2,in = 0.11 and Tin = 2000 K.

the Boudouard reaction, as discussed in the literature [21].

Figure 3.6 shows the flow field surrounding the particle for the same case previously

discussed (YO2,in = 0.11, Rein = 10 and Tin = 2000 K) for PRS (See Figure 3.6a) and PMM

(See Figure 3.6b) approaches. Both the magnitude and direction of the velocity at these

operating conditions present good agreement, confirming the effect of Stefan flow and the

fixed geometry for the macro-PRS approach.

Figure 3.7 shows the influence of the inflow gas temperature on the mass fraction of car-

bon dioxide for both pore-resolved and porous media model approaches. It could be clearly

observed in Figure 3.7a the effect of the inlet temperature as YCO2 increases with temper-

ature, achieving maximum values of approximately 0.17 for an inflow gas temperature of

2000 K. Moreover, the highest concentration of CO2 is observed at the surface of the particle

and following the fluid dynamics of the system. It can be observed when comparing with

Figure 3.7b how the concentration profile starts differing for a lower inflow gas temperature.

In particular, for this case, the highest concentration of CO2 for the porous media model is

0.0754, since for the PRS approach, this achieves a value of 0.050, representing a deviation

of 50.2%. This behavior is systematic along the simulations, where the PMM approach fits

better with increasing the inflow gas temperature and observing minimum differences, as

discussed in the previous paragraphs.
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(a)

(b)

Figure 3.6: Flow field for velocity surrounding the particle using (a) PRS (without solid
mesh), and (b) PMM.

(a) (b)

Figure 3.7: Effect of inflow gas temperature on YCO2 for Rein = 10, YO2,in = 0.11. (a) PRS
and (b) PMM.
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3.4.2 Influence of oxygen concentration at inlet

Figure 3.8 shows the results for volume-averaged profiles for temperature (Tp), species con-

centration of hydrogen (Figure 3.8b), carbon monoxide (Figure 3.8c), carbon dioxide (Figure

3.8d), oxygen (Figure 3.8e), and surface/porous carbon mass flux inside the carbon char

particle for Reynolds number of 100, varying the concentration of oxygen at the inlet of the

reactor. In particular, two gasifying conditions were studied, i.e., YO2,in = 0.05 and 0.11.

It could be observed how the profiles are consistent for all the plots in terms of tendency

following the semi-global kinetic scheme. In particular, the porous media model fits much

better for YO2,in = 0.05, observing higher deviation when the YO2,in = 0.11, specially at low

inflow gas temperatures. The particle size may have an important effect, considering the

magnitude achieved for ṁ′′
C , which gets higher for a smaller size of spherical particles [4]

(See Figure 3.8f). Moreover, the oxidation regime is a crucial element to analyze for these

results since at Tin = 1100 K, the regime could be identified as kinetically-controlled, for

Tin = 1500 K a transition oxidation regime takes place, and finally for Tin = 2000 K, the

diffusion-controlled regime is dominant [54]. It can also be observed the presence of external

limitations of the kinetic scheme due to the elemental increase of the Reynolds number,

which is consistent when assessing external Damköhler number. In particular, the higher

the inflow gas temperature and particle diameter, the higher Damköhler number. In addi-

tion, the oxidative regimes can be identified when Damköhler number is higher than unity

(diffusion-controlled regime) and lower than unity (kinetically-controlled regime) [4]. At a

low inflow gas temperature (Tin = 1100 K), the chemical kinetic rate becomes slower than the

diffusion rate. The diffusion resistance gets bigger for a large particle, such as the case under

study (dp = 5.6 mm). Thus, the PMM approach has significant differences when compared

to PRS. It could also be observed the effect of a diffusion-controlled regime (Tin = 2000 K),

where the mass transfer rate is negligible against kinetics, resulting in the absence of oxygen

as volume-averaged calculation, even at the surface since it is immediately consumed by the

carbon char particle.

This follows the same pattern described in previous sections, where at high values of Tin

there is a better match for all the cases under study. As a matter of fact, it may be observed
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Figure 3.8: Volume-averaged (a) Tp, (b) YH2 , (c) YCO, and (d) YCO2 , (e) YO2 , and (f)
Surface/porous carbon mass flux (ṁ′′

C) inside carbon char particle for Rein = 100 and YO2,in

= 0.05 and 0.11.
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(a) (b)

Figure 3.9: Effect of YO2,in on YCO2 inside and near the particle for Rein = 100 and Tin =
2000 K. (a) PRS and (b) PMM.

(a) (b)

Figure 3.10: Temperature inside and near the particle for Rein = 100, Tin = 2000 K, and
YO2,in 0.05 and 0.11. (a) PRS and (b) PMM.

this effect in the mass fraction of carbon dioxide (See Figure 3.9) and temperature (See Figure

3.10), where at high inflow gas temperature (e.g., Tin = 2000 K) the profiles present minimal

differences when comparing PRS and PMM. For example, the maximum values of the mass

fraction of all species deviate up to 9.81% (CO), observing slight differences for hydrogen

(6.78%) and carbon dioxide (0.09%). Overall, considering all the aspects assessed in the

previous sections, the PMM approach fits better with PRS for low oxygen mass fraction at

the inlet of the domain and also for high inflow gas temperature, regardless of the Reynolds

number, where the best results were found for Rein = 10.
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3.4.3 Influence of effective molecular diffusivity

The validation of a PMM approach against PRS has been discussed throughout the manuscript.

To build the continuum model, the molecular diffusivity was a critical parameter to assess.

As it can be observed in Equation 3.22, the effect of tortuosity (τ) might play a crucial role in

the performance of PMM. Figure 3.11 shows the effect of tortuosity in both temperature and

carbon dioxide profiles. In all the cases under study, the approach of τ = 1/ε was used. It can

be observed how, when the value of tortuosity increases, the difference between the molecular

diffusivity inside and outside the particle starts being higher, thus leading to a remarkable

difference in the effect of τ on the kinetic scheme used for both numerical approaches. It can

be observed how at τ = 50, the mass fraction of CO2 gets higher on the surface (See Figure

3.11b) since the molecular diffusivity inside the particle is 50 times less, leading to even a

hotter temperature profile inside the porous zone (See Figure 3.11a). Results are showing

evidence of the effect of Stefan flow inside the porous particle, which is a crucial element to

take into account where heterogeneous chemical reactions occur since the non-zero velocity

on the walls of pores might affect the mass transfer process drastically, enhancing a kinetic

scheme depending on the Reynolds number as a second relevant variable. This could also

be an object of study when tracking of porosity is assessed [16, 17, 34, 55, 56] through the

Random Pore Model, where the specific surface area changes over time and conversion of the

solid fuel. Moreover, the particle diameter used in this study could also be further assessed,

considering that inflow gas temperature and velocity affect the performance of carbon char

consumption when dp changes [57].

3.5 Concluding remarks

In this investigation, the study focused on analyzing the heterogeneous combustion of a

single spherical carbon char particle using a two-dimensional CFD-based approach under

steady-state and laminar flow regime conditions. Critical parameters of Rein, YO2,in, and

Tin were assessed. Based on the semi-global chemical kinetic scheme, the mass fraction of

species (Yi) showed consistency when describing the thermal conversion process.

The effect of the inflow gas temperature on how the species concentration profile behaves
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(a) (b)

Figure 3.11: Effect of tortuosity (τ) on (a) Temperature and (b) YCO2 inside and near the
particle for Rein = 10, Tin = 2000 K, and YO2,in 0.11.

was assessed, observing a better fit of PMM and PRS for high values of Tin. In particular, for

Tin = 2000 K, the deviation in the values for species was not higher than 8.3% (Temperature

profile). Maximum values for species concentration were slightly different when comparing

both numerical approaches, achieving a maximum deviation of 1.54% for carbon dioxide. A

higher deviation is found for lower inflow gas temperature since there is a relevant influence

of this parameter on the kinetic scheme performance, considering the activation of these

reactions from 1300 K. It could also be observed how PMM fitted better to PRS when YO2,in

= 0.05, for all cases under study. The role of tortuosity was evaluated at a pore-level scale,

observing the effect on the effective molecular diffusivity inside the porous zone, leading to

remarkable differences between PRS and PMM at high values of τ .

This research shows the validation of a continuum model (PMM) against pore-resolved

simulations (PRS) regarding the thermal and concentration of species profiles. Limitations

of the porous media model to predict the heat and mass transfer in reacting particles com-

pared to pore-resolved based models are shown, which are closer to reality. These findings

underscore the significance of exploring further using other flow regimes, carbonaceous feed-

stocks, and boundary conditions. Further research is necessary to comprehensively analyze
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a wider range of inflow gas temperatures and a more detailed chemical kinetics mechanism,

including changing the carbonaceous solid fuel, tracking of porosity and particle radius, and

the effect of intrinsic chemical reactions when escalating the phenomenon to a fixed-bed unit.
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4.1 Abstract

In this work, two numerical approaches, namely particle-resolved simulations (3D PRS)

and porous media model (PMM), are assessed using a 2D axisymmetric CFD pseudo-state

approach (PSS) for validation of the gasification of carbon char particles in a chemically

reacting fixed-bed. Simulations are performed using the commercial software Ansys® Fluent,

implementing a six-reaction semi-global scheme, including three heterogeneous, and three

homogeneous chemical reactions. The effects of the inflow gas temperature (Tin= 900-1500

K), mass fraction of oxygen (YO2,in= 0.05, 0.11), and laminar flow regime (Rein = 50, 75

and 100) reveals a significant role of Tin, observing important deviations at Tin = 1300 K.

Minimum deviations when comparing 3D PRS and 2D PMM models are observed for YO2,in

= 0.05, being 3.6% for CO, 5.5% for CO2 and 0.76% for temperature inside the porous

zone at different operating conditions. Thermal conductivity of the solid material, axial

dispersion coefficient, and radial variation of porosity are analysed and discussed, showing

good agreement between numerical models, remarking the role of geometrical features of the

unit in the gasification process.

Keywords : Fixed-bed reactor, Gasification, Particle-resolved simulation, Porosity, Porous

media model.
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Nomenclature
Roman Symbols Definition Greek Symbols Definition

A Pre-exponential factor ϵ Emissivity

C Concentration, kmol ·m−3 ε Porosity

D Mass diffusion coefficient, m2 · s−1 λ Thermal conductivity, W ·m−1 ·K−1

d Diameter, m µ Viscosity, Pa · s

Ea Activation energy, J ·mol−1 ρ Density, kg ·m−3

h Enthalpy, J · kg−1 τ Stress tensor, Pa

k Reaction rate constant Abbreviations Definition

L Length, m CFD Computational fluid dynamics

M Molecular weight, kg ·mol−1 FC Filtration combustion

ṁ′′ Net mass flux gas-surface, kg ·m−2 · s−1 PMM Porous media model

N Number PRS Particle-resolved simulation

p Pressure, Pa Subscripts Definition

R Universal gas constant, J ·mol−1 ·K−1 C Carbon char particle

R̂ Production rate, mol ·m−2 · s−1 i species i

Re Reynolds number in Inlet

S ′′′ Specific surface area, m−1 p Particle

T Temperature, K pz Porous zone

u⃗ Velocity, m · s−1 R Reaction

Y Mass fraction t Tube

4.2 Introduction

Filtration combustion (FC) is the process where an oxidant stream flows through a porous

media reactor composed of a solid inert/fuel material, involving exothermic chemical trans-

formations [1], for example, in the gasification of carbonaceous materials in fixed-bed con-

figuration [2]. These units have been widely studied since their multiphase and multiscale

modeling for applications such as steam methane reforming (SMR) for hydrogen production

and energy storage [3, 4], catalytic combustion [5] and pyrolysis [6], among others, are key

for the chemical industry, and specially challenging from a numerical perspective [7]. In

particular, for the thermochemical conversion of solid fuels, the thermogravimetric analysis

(TGA) has shown similar kinetic modeling of thermochemical processes [8], with applications

of coal char gasification [9] and sawdust and coal blend pyrolysis [10]. The heterogeneous

interaction between different phases, most likely solid and gas, leads to a transient approach

to the excess of enthalpy theory [11]. The theory is based on the intensified radiation heat
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transfer mechanism when the inflow gas mixture meets the combustion zone, taking ad-

vantage of the high radiant emissivity of the solid fuel. Thus, the combustion temperature

may exceed the theoretical adiabatic temperature rise since there is a preheating zone in

the inlet section of the unit. There are several experimental studies in this field that have

used different fuel/oxidant mixtures, such as methane, air, and oxygen, among others [12].

Filtration combustion may be extended to inert porous media combustion when there are

non-chemically reacting particles inside of the reactor [13], e.g., alumina spheres, or to hy-

brid filtration combustion (HFC), when fuel and inert solid particles coexist inside the bed.

Under this configuration, that might be described as the combination of inert porous media

combustion and chemically reacting fixed-bed phenomena, both heterogeneous and homoge-

neous chemical reactions achieve high temperatures in the range of 900-2300 K, observing

better performance for H2 and syngas at temperatures up to 1800 K [14]. Salgansky et al.

[15] studied the gasification of a solid fuel using a vapor-air mixture as an oxidant agent

in a filtration mode, and assessed the length of the reactor and the relevance of thermody-

namics in the mathematical calculations for gasification efficiency. Later, a superadiabatic

regime due to filtration combustion was evaluated for a carbon-inert bed. Agreement was

observed between theory and experiments by assessing the temperature of the filtration wave,

composition of gaseous products, and yield of carbon monoxide and hydrogen [16].

Several studies have been carried out on the oxidation of carbon from a numerical per-

spective using a single spherical particle. In particular, studies have explored the steady-state

combustion of a coal particle [17], the oxidation of a single moving particle under laminar

regime conditions [18], and the consumption rate of carbon based on the effect of criti-

cal parameters such as inlet velocity, composition, and temperature [19]. using a detailed

model in which surface oxidation and volatilization of the coal particle were included. It

has been found in the literature a strong relationship between the particle Reynolds number

(Rein) and oxidation regimes related to species transport to the particle’s surface. Neverthe-

less, for a chemically reacting porous medium, and to the best of the author’s knowledge,

research regarding the applicability of a porous media model and its validation against a

three-dimensional CFD particle resolved numerical approach is scarce. On the other hand,

the heterogeneous combustion phenomenon has been identified as a challenge specifically to
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char since an important amount of physical processes are taking place on the surface of the

particles, being widely studied for approximately a hundred years now [20]. Furthermore,

numerical simulations for studying carbon thermochemical conversion have been reported

in the literature in the past decades [21–26]. Libby and Blake [21] studied the effect of

water vapor on the carbon consumption in a hot ambient, while Lee et al. [22] and Cho

et al. [23] explored the interactions between heterogeneous chemical reactions, mass and

energy transport in and around chemically reacting particles. Interesting findings relate to

the relationship between burning rate and oxygen concentration at the inlet of the reactor

[24]. Furthermore, for the thermochemical conversion at low concentration of oxygen in a

fixed-bed reactor, radiation has been identified as the dominant heat transfer mechanism,

highlighting the relevance of heterogeneous reactions and the phase change of water along the

process [25, 26]. Most recently, a hybrid particle model has been developed to assess the char

conversion process, considering the effect of pore diffusion on the carbon consumption rate

inside gasifiers [27]. Moreover, carbon char thermochemical conversion has been studied in

a fixed-bed gasifier using surface-based reactions [28] using a 3D particle-resolved simulation

(PRS) approach, which will be the baseline of future analysis in this present article.

Separately, it should be noted that a comparative study between the so-called 3D particle

resolved (PR) CFD-based model and the porous media based model has been presented by

Dixon [4]. The study involved conducting 3D CFD-based PR simulation, comparing local

heat and mass transport characteristics, and assessing reaction rates in a fixed-bed reactor

tube referring to endothermic steam methane reforming. Vardhan Reddy Kuncharam &

Dixon [29] presented a new multi-scale non-isothermal heterogeneous steady-state model for

steam methane reforming in a packed-bed tube. The model is based on a porous media

approach where two-dimensional transport equations describing the heat and mass transfer

in the gas phase are directly coupled with the chemical reactions (including the heat and mass

transfer) inside the catalyst particle. The results of a sensitivity analysis studying different

closure relations (empirical equations) were discussed. The simulations were conducted on a

10 m long packed tube.

The novelty of this work consists of performing numerical studies of the intraparticle

heat and mass transfer in a chemically reacting fixed-bed, where numerical models are based
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on the so-called particle-resolved (3D PRS) and porous media (2D PMM) approach CFD

simulations. The use of a PMM approach, which is computationally suitable for modeling

a large number of porous particles (200-300 particles normally used in experiments), is

necessary to validate and could potentially enable the use of the PMM approach in particle-

resolved fixed-bed units with porous particles [30, 31]. Thus, the effects of different flow

regimes, inflow gas temperature, ambient conditions, thermal conductivity of the solid phase,

dispersion coefficient and porosity variation over radius on the gasification process and a

thorough comparison between 2D and 3D domains must be assessed.

4.3 Model Formulation

4.3.1 Problem description

The model was formulated to simulate the filtration combustion of air over a carbon char

packed-bed under a laminar flow regime. Figure 4.1 depicts the geometry and mesh used

for all simulations. A 2D continuum numerical approach was used within the porous media

model module available in the commercial software Ansys® Fluent. The domain is divided

into three cell zones, i.e., inflow, porous (blue color in Figure 4.1b), and outflow zones, where

the latter is added to obtain a steady-state and stable converged solution. The continuum

model is the physical representation of a volume where solid and gaseous phases coexist. This

space can be characterized by a porosity (ε), which elementally indicates the void fraction,

i.e., the available volume where the oxidant mixture flows through. For further calculations,

the bulk bed porosity was calculated as follows [32]:

ε = 1−
Np · 1

6
πd3p

1
4
πd2tLt

(4.1)

where ε is the bed bulk porosity, Np is the number of particles, dp is diameter of particles,

dt and Lt are the diameter and the length of the tube, respectively. Parameters used in this

study for the porous zone of the reactor are given in Table 4.1. The diameter of particles

inside the packed-bed (dp) was set to 5.6 mm, following experimental data found in the

literature for porous media combustion [12, 13] and HFC technologies [14, 33]. The inflow
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gas consisted of several mass fractions of O2 (YO2,in = 0.05 and 0.11), 0.001 mass fraction

of H2O (nearly dry air), the rest is nitrogen (YN2 = 1−
∑

i Yi). The inflow gas temperature

(Tin) was variable in the range of 900-1500 K, taking the temperature requirements (∼ 1100

K) for achieving thermal conversion of coal in the presence of an oxidant mixture/gasifying

agent [34–37]. For the particular application of producing H2/syngas from carbon-based

feedstocks using HFC, a temperature range of 900-1800 K can be achieved at different sce-

narios (Equivalence ratio, filtration velocity) due to the enhanced heat transfer mechanisms

within the reactor [38, 39]. The particle Reynolds number (Rein) was defined using Equation

4.2, considering the superficial velocity (u⃗in), which was calculated using Rein, particle size

(dp), density (ρin) and viscosity (µin). Rein of 50, 75, and 100 were tested in this study.

Rein =
ρin|u⃗in|dp

µin

(4.2)

The chemical kinetics mechanism uses a semi-global scheme consisting of six reactions,

with three heterogeneous occurring in the porous phase (Reactions R1 to R3) and three

homogeneous in the gaseous phase (Reactions R4 to R6). Specifically, R2 refers to the

Boudouard reaction, R4 characterizes the oxidation of carbon monoxide (CO) with water

serving as a catalyst species, and R5 and R6 represent the forward and backward water-gas

shift (WGS) reactions, respectively. Reaction mechanism, kinetic parameters and reaction

rates of both heterogeneous and homogeneous reactions were based on the extended Arrhe-

nius law, mathematically described by Equation 4.3, and listed in Table 4.2 [21, 40, 41]:

k = AT nre−
Ea
RT (4.3)

where k is the rate constant for reaction, A is the pre-exponential factor, Ea is the activation

energy, R is the universal gas constant, T is the temperature, and nr is the temperature

exponent.
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Table 4.1: Porous zone characteristics and dimensions.

Parameter Symbol Value
Bed porosity ε 0.5063

Inertial resistance C2 2378.113 m−1

Inverse of permeability 1
κ

8.985 ·106 m−2

Number of particles Np 85
Particle diameter dp 5.6 mm
Tube diameter dt 21.2 mm
Tube length Lt 45 mm

Table 4.2: Reaction mechanism, reaction rates and kinetics parameters for char gasification.

Equation Reaction Ri A Ea

[
J

mol

]
nr

R1 2C(s) +O2 −→ 2CO kr,O2CO2 , s 1.5 · 105 1.494 · 105 0
R2 C(s) + CO2 −→ 2CO kr,CO2CCO2 , s 4.605 1.751 · 105 1
R3 C(s) +H2O −→ CO+H2 kr,H2OCH2O, s 11.25 1.751 · 105 1
R4 CO+ 0.5O2

H2O−→ CO2 kr,COCCOC
0.5
H2O

C0.25
02

1.25 · 1011 1.67 · 105 0
R5 CO+H2O −→ CO2 +H2 kr,COCCOCH2O 2.74 · 106 8.36 · 104 0
R6 CO2 +H2 −→ CO+H2O kr,CO2CCO2CH2 1.0 · 108 6.28 · 104 0

4.3.2 Governing equations of particle-resolved approach

Equations 4.4 to 4.7 describe the mathematical conservation of mass, momentum, species,

and energy for the PRS model [28, 42–44], taking into consideration the following assump-

tions:

1. The volatilization of the particles is not included, due to the steady-state feature of

the model.

2. Thermal equilibrium is assumed for solid and gas phases.

3. The gaseous phase behaves as an incompressible flow with p = 105 Pa.

4. The buoyancy effect is neglected.
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Figure 4.1: Schematics of computational domain (a) and mesh of fixed-bed reactor (b) using
PMM approach. Mesh of 3D PRS approach assessed in [28] (c).

Taking into account all assumptions made, the final system of equations has the following

form [28]:

Conservation equation for mass transport:

∇ · (ρu⃗) = 0 (4.4)

Conservation equation for momentum transport:

∇ · (ρu⃗u⃗) = −∇p+∇ · τ (4.5)

Conservation equation for species transport:

∇ · (ρu⃗Yi) = ∇ · (ρDi∇Yi) +Ri (4.6)
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Conservation equation for energy transport:

∇ · (ρu⃗h) = ∇ · (λ∇T )−
∑
i

h0
i

Mi

Ri (4.7)

In the context of the PRS approach, Stefan flow was considered, i.e., when the velocity is

non-zero at chemically reacting surfaces, which characterizes the net mass flux between sur-

face and gas [45, 46]. Below, we outline the mathematical representation of this phenomenon

and provide the boundary conditions for heat and mass transfer.

ρwall Di
∂Yi, wall

∂n
− ṁ′′

CYi, wall = MiR̂i,s (4.8)

ṁ′′
C =

NR∑
i=1

MiR̂i,s (4.9)

n · λ∇T |gas =
N∑
j=1

MiR̂i,sh
0
j + ϵsσ

(
T 4
surf − T 4

in

)
(4.10)

n · u⃗ =
ṁ′′

C

ρ
(4.11)

where n is the normal vector to the wall, ϵs is the emissivity (ϵs ≈ 1.0 for solid carbon),

σ is the Stefan-Boltzmann constant, R̂i,s is the production rate of species i due to surface

chemical reactions, ṁ′′
C is the net mass flux between surface and gas, indexes wall and surf

refer to gas side at the wall and surface of the particles, respectively.

4.3.3 Governing equations of porous media approach

The 2D axisymmetric steady-state model for the conservation equations (Equations 4.12

to 4.15) describing PMM is based on several assumptions, as outlined in the literature

[47, 48]. These assumptions include the composition of the porous zone with spherical

carbon char particles, considering fuel particles as a continuously porous medium with ini-

tially isotropic properties, excluding drying and devolatilization effects, assuming thermal

equilibrium within the char particle between solid and gas phases, setting the ambient gas
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phase as isobaric with p = 105 Pa, and assuming laminar gas flow with an axisymmetric flow

field.

Taking into account all assumptions made, the final system of equations has the following

form [47, 48]:

Conservation equation for mass transport:

∇ · (ερgu⃗) = Sm (4.12)

Conservation equation for momentum transport:

∇ · (ερu⃗u⃗) = −ε∇p+∇ · (ετ) (4.13)

Conservation equation for species transport:

∇ · (ερu⃗Yi) = ∇ · (ερDeff∇Yi) +Ri (4.14)

Conservation equation for energy transport:

∇ · (ερu⃗h) = ∇ · (λeff∇T )−
∑
i

ε
h0
i

Mi

Ri (4.15)

where τ = µ
(
∇u⃗+∇u⃗T

)
is the stress tensor. Species i is any reacting participant involved in

the heterogeneous combustion process, i.e., H2O,O2,H2,CO,CO2, Deff is the mass diffusion

coefficient, λ is the thermal conductivity, hi is enthalpy, h0 is the enthalpy of formation,

Mi is molecular weight, Yi is mass fraction, Ri is the net production rate, and R̂i,r is the

Arrhenius molar rate of creation/destruction for species i, respectively. The last two terms

are described below, where v′′i,r and v′i,r are the stoichiometric coefficients for reactants and

products in the reaction r, η′j,r and η′′j,r are the forward and backward rate exponents in the

reaction r for each chemical species j.

Ri = Mi

∑
r

R̂i,r (4.16)
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R̂i,r =
(
v′′i,r − v′i,r

) [
kr

N∏
j=1

C
(η′j,r−η′′j,r)
j,r

]
(4.17)

The source term incorporated in the continuity equation may be expressed as:

Sm = S ′′′
(
ρ
2MC

MO2

kR1YO2 + ρ
MC

MCO2

kR2YCO2 + ρ
MC

MH2O

kR3YH2O

)
(4.18)

The density of the gaseous mixture was calculated as stated by Equation 4.19. Viscosity

and thermal conductivity were calculated using the kinetic theory [49].

ρ =
P

RT
∑

i
Yi

Mi

(4.19)

Regarding the PMM approach, the porosity (ε = 0.5063) impacts on the laminar flow

through a packed bed. The Blake-Kozeny equation may be used for calculating pressure

drop, as described in Equation 4.20 [50]. The permeability (α) and inertial loss coefficient

of flow (C2) in the porous zone are described by Equation 4.21 and 4.22, respectively.

|∆p|
L

=
150µ

D2
p

(1− ε)2

ε3
v∞ (4.20)

α =
D2

p

150

ε3

(1− ε)2
(4.21)

C2 =
3.5

Dp

(1− ε)

ε3
(4.22)

The effective diffusivity (Deff
m,i ) was calculated using Equation 4.23:

Deff
m,i =

ϵ

τ

1− xi∑
xi

Dij

(4.23)

where ϵ is porosity; τ is tortuosity; xi is molar fraction of i th species; Dij is binary diffusivity

for i− j th pair. Dij is calculated from the Fuller correlation [51]:

Dij =
0.01013T 1.75

ptM0.5
(
V

1/3
i + V

1/3
j

)2 (4.24)
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where Vi,j - diffusion volume for i, j th species [52], i.e., VCO2 = 26.9, VCO = 18.9, VH2 = 7.07,

VN2 = 17.9, VO2 = 16.6, VH2O = 12.7. The thermal conductivity (λeff ) inside the porous

zone was calculated using the porosity of the fixed-bed:

λeff = ελ (4.25)

4.3.4 Boundary conditions

At the inlet of the fixed-bed reactor, the following Dirichlet boundary conditions are consid-

ered for inflow gas velocity, species mass fractions, and temperature, respectively:

u⃗ = u⃗in, Yi = Yi,in, T = Tin (4.26)

where u⃗in = f(Rein), Tin = 900-1500 K, and Yi,in varies depending on the oxidative atmo-

sphere (YO2,in = 0.05 and 0.11). At the outlet of the fixed-bed reactor, the so-called outflow

boundary conditions with an overall mass balance correction was implemented [49]. Since

there is an important interaction between gaseous and solid phases on the surface of the par-

ticles, mass and energy balance at the interface are affected by the heterogeneous chemical

reactions (R1 to R3), due to the production and destruction rates of gaseous species caused

by these reactions along with convective and diffusive mass fluxes of the gas phase species

at the surface of particles [53]. A crucial parameter for heterogeneous chemical reactions is

the specific surface area of the porous zone, which was calculated taking into account the

number of particles and their occupied volume inside the unit, being S ′′′ = 528.99 m−1 the

value of specific surface area used for both PMM and PRS numerical approaches.

Regarding the PMM approach, at the symmetry axis (r = 0) as well as at the upper side

of the domain, the following Neumann boundary conditions must be specified for pressure,

velocity, concentration, and temperature:

∂p

∂r
= 0,

∂u⃗

∂r
= 0,

∂Yi

∂r
= 0,

∂T

∂r
= 0 (4.27)
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4.3.5 Numerics and validation

Numerical software Ansys® Fluent 2022R2 [49] was utilized to solve Equations 4.12 to 4.14.

The solution method for solving the governing equations by coupling pressure and velocity

was the semi-implicit method for pressure-linked equations (SIMPLE) algorithm [54]. The

scheme of the computational domain and grid structure are schematically depicted in Figures

4.1a and 4.1b, respectively. The porous zone can be identified in Figure 4.1b for the blue

mesh. The number of cells was 1960, to ensure uniform porosity along the bed zone. It

should be noted that the grid independence simulations for 3D results have been reported

in Arriagada et al. [28]. In terms of 2D grid study, we must emphasise that in porous

media models the grid size is limited by the size of particles. In particular, if a grid size in

2D PMM simulation is significantly less than particle diameter, then in this case, volume

fraction radial and axial profiles must be included into the simulations because of the volume,

which is further discussed in Section 3.6. Specific surface area (S ′′′) was used for considering

wall-surface reactions in the porous zone. Radiation was considered using the P-1 model

[55] since it plays a crucial role as a heat transfer mechanism inside the porous zone of the

reactor. Convective terms, species, and energy were discretized using an upwind second-

order scheme. The under-relaxation factors were set at 0.5 for momentum, energy 0.8, and

species 0.5, except for carbon dioxide (0.7), and oxygen (0.3), as the kinetic scheme involved

in the process has a critical effect on these species’ conservation. The iterations were stopped

when the residual for all equations was less than 10−6, which required approximately 105

iterations until convergence. The software was validated against both experimental data

[19, 42, 56] and analytical solutions [18], considering a two-film model [57], and the same

kinetic scheme implemented in the present work. Functions for effective diffusivity and

thermal conductivity in the porous zone were implemented into the software through a

user-defined-function (UDF), where the DEFINE macros of DEFINE_DIFFUSIVITY and

DEFINE_PROPERTY were used respectively.
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4.4 Results and discussion

4.4.1 Effect of heterogeneous chemical reactions and Reynolds num-

ber

Reynolds numbers based on particle size (Rein) of 50, 75, and 100 were numerically studied

in the reactor. From an elemental perspective, as Rein increases, a higher inlet velocity

(u⃗in) is observed. When comparing 3D CFD particle-resolved simulations against the porous

media model in terms of the effect of the heterogeneous chemical reactions in the species

concentration, Figure 4.2 depicts the volume-averaged temperature (Fig. 4.2a) and mass

fractions of oxygen (Fig. 4.2b), hydrogen (Fig. 4.2c), carbon monoxide (Fig. 4.2d), and

carbon dioxide (Fig. 4.2e). It can be observed how Rein affects the profiles, particularly

observing for oxygen how the concentration decreases with inflow gas temperature, reaching

almost full consumption in the porous zone at high inlet temperature. The highest deviation

observed for the temperature inside the porous zone (Tpz) is presented for Rein = 100, with

12.8%. The effect of R3 and R5 could be observed in Figure 4.2c, where the hydrogen mass

fraction increases with the inflow gas temperature. Here the order of magnitude of the mass

fraction of hydrogen (YH2) increases from an average of 5 · 10−6 to 1.2 · 10−5. Moreover, the

effect of R4 and R5 could be seen in Figure 4.2d, where between 1300 K and 1500 K, the mass

fraction of CO does not increase with a positive slope as compared with hydrogen or carbon

dioxide. It could be highlighted that carbon dioxide is quite accurate in all simulations,

with a deviation below 12.3% in all cases when comparing PRS and PMM. From 1100

K and higher temperatures, the slope of the curve representing the mass fraction of CO2

increases remarkably, which could be attributed to R2 and R4, dominant chemical reactions

in the semi-global kinetic scheme used for this work. In general terms, the 2D axisymmetric

approach is in agreement with results obtained in the literature for 3D PRS modeling [28],

specially for low Reynolds number and low inflow gas temperature, where the profiles follow

a relatively linear behaviour as the temperature increases. The exception is Tin = 1300 K,

where the highest deviation between the 2D PMM and 3D PRS approaches occurs, which

is consistent with the literature when evaluating the effect of inflow gas temperature on the
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heterogeneous combustion of carbon [58]. Furthermore, the effect of Rein can be clearly

observed, where the higher the inflow velocity, the higher the deviation exists between the

two numerical approaches under study.

This tendency can also be observed in Figure 4.3, where the intention was to evaluate

the effect of the continuum model against a particle-resolved simulation approach, without

considering homogeneous reactions taking place after the porous zone. To evaluate the ac-

curacy of the porous media model, the following results of the aforementioned figure are

calculated at the outlet of the bed zone (z = 6.88 cm). The area-weighted averaged tem-

perature (Tout−pz) and concentration of main species involved in the kinetic scheme show

the same behaviour as for the volume-averaged values, with higher maximum concentration

of hydrogen (See Figure 4.3c), carbon monoxide (See Figure 4.3d), and carbon dioxide (See

Figure 4.3e) when compared these two results. Again, deviation between PRS and PMM

increases with Rein, where a particular control point might be found at Tin = 1300 K. At

this temperature, most of the available O2 is consumed, CO2 presents deviation smaller than

16.7% for all cases, where exact values are 7.7%, 5.5%, and 16.7% for Rein = 50, 75, and

100, respectively. It can also be observed a minimum deviation of 8.1% at H2 Tin = 1100

K, which is a negligible value since the order of magnitude of YH2 is 10−7. The effects of

the Boudouard reaction (R2) and the oxidation of CO (R4) are remarkable for these species

since this is evaluated at the outlet of the porous zone. The effect of the PMM approach

was evaluated at the outlet of the porous zone since after the packed-bed, changes in flow

velocity, formation of velocity gradients, generation of eddies or recirculation zones may af-

fect the comparison with a 3D PRS approach. Regarding the mass flow, there must be a

difference between outflow and inflow mass. There has been a minimal difference between

these two approaches. Figure 4.3f shows the highest difference for Rein = 100, Tin = 1300 K,

with 3.36 · 10−6kg · s−1. The tendency of the results is similar to those reported previously,

where the higher the Reynolds number, the more deviation with results when comparing 2D

PMM and 3D PRS.
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Figure 4.2: Volume-averaged Tpz (a), YO2 (b), YH2 (c), YCO (d), and YCO2 (e) inside porous
zone for YO2,in = 0.05 and Rein= 50, 75 and 100.
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Figure 4.3: Area-weighted averaged Tout−pz (a), YO2 (b), YH2 (c), YCO (d), and YCO2 (e) at
outlet of the porous zone. Sm (f) for YO2,in = 0.05 and Rein= 50, 75 and 100.

128



4.4.2 Effect of oxidative atmosphere

Two different gasifying conditions were evaluated during this research. Thermochemical pro-

cesses using an ambient mass fraction of oxygen YO2 = 0.05, and 0.11 were used to assess the

behaviour of the domain, and performance of the heterogeneous combustion of the fixed-bed

reactor. Figure 4.4 shows the volume-averaged temperature (Fig. 4.4a) and mass fractions of

oxygen (Fig. 4.4b), hydrogen (Fig. 4.4c), carbon monoxide (Fig. 4.4d), and carbon dioxide

(Fig. 4.4e). It can be observed a good agreement between both 2D axisymmetric PMM and

PRS numerical approaches for all the presented profiles. In particular, and as discussed in

the previous section, the highest deviation could be observed for an inflow gas temperature

of 1300 K, while the higher this variable, the higher deviation between 2D and 3D models

might be seen for all curves. Most probably, the effect of a higher volume-averaged tempera-

ture inside the porous zone leads to both a decrease of the oxygen concentration (See Figure

4.4b), and greater production of carbon dioxide (See Figure 4.4e). Deviation on average

does not get higher than 10% for temperature, whereas for the lowest inflow temperature,

the deviation is below 1%, showing a good fit of curves. In particular, minimum deviations

for Tin = 900 K are 0.85%, and 0.76% for YO2,in = 0.05 and 0.11, respectively. On the

other hand, maximum deviations are observed at Tin = 1300 K, with 7.9% and 16.1% for the

aforementioned case. Also, oxygen and carbon monoxide (See Figure 4.4d) show the best

fit in terms of tendency, achieving a remarkable accuracy for low inflow gas temperatures

(900-1100 K). In particular, minimum deviations occur at Tin = 1500 K, with 3.6% and 6.6%

for YO2,in = 0.05 and 0.11, respectively. As evaluated in the previous section with Rein as the

crucial parameter to assess, Figure 4.5 depicts the effect of the PMM approach against PRS

at the outlet of the porous zone (z = 6.88 cm), avoiding any constrain due to the abrupt

transition between the porous zone and the outlet zone of the unit, comparing YO2,in = 0.05

and 0.11 at a constant value of Rein = 50. Figures 4.5b and 4.5d show excellent agreement

between both PMM and PRS, in particular for oxygen leading to the entire conversion of

oxygen at high inflow gas temperatures, and the highest production of CO for inflow gas

temperature of 1300 K for all cases under study.
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Figure 4.4: Volume-averaged Tpz (a), YO2 (b), YH2 (c), YCO (d), and YCO2 (e) inside porous
zone for Rein= 50, and YO2,in = 0.05 and 0.11.
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Figure 4.5: Area-weighted averaged Tout−pz (a), YO2 (b), YH2 (c), YCO (d), and YCO2 (e) at
outlet of the porous zone. Sm (f) for for Rein= 50, and YO2,in = 0.05 and 0.11.
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4.4.3 Effect of homogeneous chemical reactions

As observed in the previous subsections of this article, the porous media model is specially

different when compared to a 3D CFD particle-resolved simulation in terms of the fluid dy-

namics inside the fixed-bed. Figure 4.6 shows the temperature and species concentration

along the reactor under both 3D PRS (top view) and 2D PMM (bottom view) at Rein =

50, YO2,in = 0.05, and Tin = 1500 K. It could be observed how the effect of homogeneous

chemical reactions after the porous zone plays a crucial role. In particular, and for hydrogen

(See Figure 4.6c), hydrogen is consumed in the 2D PMM approach after the porous zone.

Moreover, the profiles are relatively accurate for oxygen and carbon monoxide but do not

show a good agreement for temperature, hydrogen, and carbon dioxide. On the other hand,

for a lower inflow gas temperature, such as Tin = 1100 K, Figure 4.7 depicts again temper-

ature, and main species mass fractions along the reactor using both numerical approaches,

observing an excellent agreement between 3D PRS and 2D PMM, not only in the magnitude

but also in the position along the reactor, which represents the effect of both heterogeneous

and homogeneous chemical reactions.

4.4.4 Effect of thermal conductivity of solid phase

The heterogeneous combustion of carbon char particles inside a fixed-bed is a continuous

interaction between the solid and gas phases. The thermal conductivity of the solid phase

is an important parameter to assess. Figure 4.8 shows the effect of the variation of thermal

conductivity of the solid phase inside the porous zone (λs) on the volume-averaged temper-

ature and species concentration. This test was done considering YO2,in = 0.05 and Rein= 75,

and adding a third plot, considering λs = 0.02 W/m ·K. In general, it can be observed how

the lower λs value used for simulations, better accuracy of the 2D PMM model is achieved,

due to the surface-based reaction model studied by Arriagada et al. [28], where no mesh

inside solid phase existed. In particular, for the critical inlet temperature of Tin = 1300 K,

when the thermal conductivity of the solid phase was treated near air conditions (hollow

spheres), the curves fit better decreasing the gap between 3D PRS and 2D PMM. Results

are consistent with those reported in the literature, where λs plays a crucial role in the heat
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(a) (b)

(c) (d)

(e)

Figure 4.6: Temperature (a), YO2 (b), YH2 (c), YCO (d), and YCO2 (e) inside fixed-bed
reactor for Rein= 50, YO2,in = 0.05, and Tin = 1500 K.

133



(a) (b)

(c) (d)

(e)

Figure 4.7: Temperature (a), YO2 (b), YH2 (c), YCO (d), and YCO2 (e) inside fixed-bed
reactor for Rein= 100, YO2,in = 0.11, and Tin = 1100 K.

134



transfer inside packed-bed reactors [32].

4.4.5 Effect of dispersion coefficient

The dispersion coefficient might play a relevant role in reaction phenomena inside a packed-

bed reactor, depending on their geometrical features, such as Dt/dp ratio, Lt/dp ratio, Peclet

number (Pem), among others. This parameter has been widely studied in the literature with

several approaches depending on the operational conditions and dimensions of a packed-bed

reactor [59–62]. To assess the effect of the dispersion coefficient in the performance of the 2D

PMM approach, the longitudinal dispersion coefficient DL, described by Equation 4.28, was

implemented using the macros DEFINE_DIFFUSIVITY in a user-defined-function [62–64]:

DL = 0.7Dij + urp (4.28)

The effect of DL is depicted in Figure 4.9, where the volume-averaged temperature (Figure

4.9a), YO2 (Figure 4.9b), YH2 (Figure 4.9c), YCO (Figure 4.9d), and YCO2 (Figure 4.9e) inside

the porous zone are presented. It can be observed negligible deviation between 2D PMM

(constant ε, no consideration of DL) and 2D PMM (constant ε, including DL) is negligible

in the range of 900-1100 K. Deviation gets considerable for higher inflow gas temperatures

(Tin = 1300-1500 K) for all figures. Considering the axial dispersion coefficient is significant

for the partial oxidation of a chemically reacting fixed-bed, thus should be considered when

using a 2D PMM numerical approach.

4.4.6 Effect of porosity variation

The porosity plays a crucial role when working with continuum models such as the porous

media model (PMM) as it depends on the Dt/dp ratio [65]. Moreover, the porosity inside

a packed-bed reactor varies with the radius (ε(r)) depending as well on the Dt/dp ratio,

showing different mathematical correlations [66–70]. A derivation of a particular mathemat-

ical representation of ε(r) considering the specific features of the reactor (Dt/dp = 3.78)

under study is described in Equation 4.29 [67]. In this case, a refined mesh was necessary

to perform simulations since the profile in the radial direction behaves in a non-structured
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Figure 4.8: Effect of thermal conductivity of solid (λs) on the volume-averaged Tpz (a), YO2

(b), YH2 (c), YCO (d), and YCO2 (e) inside porous zone for YO2,in = 0.05 and Rein= 75.
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Figure 4.9: Effect of dispersion coefficient (DL) on the volume-averaged Tpz (a), YO2 (b),
YH2 (c), YCO (d), and YCO2 (e) inside porous zone for YO2,in = 0.05 and Rein= 75.
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way.

ε(r) =

 2.14z2 − 2.53z + 1; z ≤ 0.637

εb + 0.29exp(−0.6z)[cos(2.3π(z − 0.16))] + 0.15exp(−0.9z); z > 0.637
(4.29)

where z = (Rt − r)/dp, r is the radius, dp is particle diameter, Rt = 10.6 mm is the tube

radius, and εb is bulk porosity, which in this case takes the value of 0.37. The function of

ε(r) was implemented into the software through a user-defined-function (UDF), where the

DEFINE_PROFILE macros was used. Since there is a continuous change in the value of

porosity over radius of the reactor, a refined mesh was used, refining the whole domain, spe-

cially at the wall, obtaining a 18500 cell mesh. Figure 4.10 shows the effect of incorporating a

function of ε(r) in the numerical simulations. Figure 4.10a shows a comparison of ε(r) using

the approach of De Klerk [67] and Mueller [70]. The latter was not later considered due to the

sharpness of the function at a near value of z = 1. For figures representing volume-averaged

temperature (Figure 4.10b), YO2 (Figure 4.10c), YH2 (Figure 4.10d), YCO (Figure 4.10e),

and YCO2 (Figure 4.10f), an important deviation comparing with using constant porosity,

i.e., ε = 0.5063, can be observed. The consideration of a function of porosity for narrow

tubes, in this case, Dt/dp = 3.78, plays a crucial role in how the gasification process occurs

inside the fixed-bed.

Adding a function for ε(r) improved the accuracy of the 2D PMM fitting to the 3D

PRS case, even for an inlet temperature of 1300 and 1500 K. Figure 4.11 depicts contour

plots of temperature (Figure 4.11a), YO2 (Figure 4.11b), YH2 (Figure 4.11c), YCO (Figure

4.11d), and YCO2 (Figure 4.11e) showing the effect of considering a function for porosity

on the most critical inflow gas temperature discussed in this study (Tin = 1300 K). The

difference between 2D PMM and 2D PMM ε(r) is evident since including porosity as a

function of radius leads to the models to be in good agreement. Moreover, the 2D PMM

model including ε(r) shows consistency with chemical kinetics, showing consumption of

oxygen, and generation of H2, CO, and CO2 at different rates. At high temperatures, the 2D

PMM captures the gasification performance accurately inside the porous zone, deviating in

some of the species (H2 and CO) due to the effect of the oxidation of carbon monoxide and
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Figure 4.10: Porosity function over reactor radius (ε(r)) (a), effect of ε(r) on volume-averaged
Tpz (b), YO2 (c), YH2 (d), YCO (e), and YCO2 (f) inside porous zone for YO2,in = 0.05 and
Rein= 75.
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water-gas-shift reaction. Results highlight the relevance of geometrical features of the unit.

If the diameter of the tube increases accordingly with the number of particles, a reduction of

the effect of wall channeling would be expected, both decreasing the temperature of the solid

particles along Z axis and increasing YCO faster. Moreover, for inert porous media reactors,

where normally alumina spheres are used for enhancing heat transfer mechanism inside the

fixed-bed, decreasing the particle size will lead to higher temperatures inside the unit.

4.5 Concluding remarks

In this work, the filtration combustion of carbon char particles under a laminar flow regime

was investigated using a 2D axisymmetric porous media CFD-based model. The PMM

approach was verified against 3D CFD surface-based particle-resolved simulations (PRS)

for the partial oxidation of a chemically reacting fixed-bed, assessing critical parameters

of flow regime (Rein), oxidative atmosphere (YO2,in), inflow gas temperature (Tin), thermal

conductivity of solid phase (λs), variable porosity (ε(r)), and axial dispersion coefficient

(DL).

Results showed the significant role of the inflow gas temperature Tin in the gasification

process. In particular, an important activation of chemical reactions is observed for high inlet

temperatures (1300 K), showing considerable deviations when compared with the 3D PRS

model. Minimum deviations were observed for YO2,in = 0.05, being 3.6% for CO, 5.5% for

CO2 and 0.76% for the temperature inside the porous zone at different operating conditions.

The effect of the axial dispersion coefficient (DL) was also assessed, showing a considerable

effect on the performance of the partial oxidation at high inflow gas temperatures (Tin = 1300-

1500 K), when comparing 2D PMM approaches, thus, becoming a significant parameter to

consider when simulating this phenomenon, where it is also crucial to consider geometrical

features of the reactor, such as Dt/dp and Lt/dp. Furthermore, the effect of the thermal

conductivity of the solid phase (λs) was discussed, fitting with good accuracy to the 3D PRS

baseline model, incorporating a negligible value for λs, assuming hollow spheres (surface-

based model).

Finally, the use of a uniform porosity value along the fixed-bed was validated by simulat-
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(a) (b)

(c) (d)

(e)

Figure 4.11: Contour plots of chemical species mass fractions (Yi) predicted numerically
using 3D PRS, 2D PMM, and 2D PMM for non-constant volume fraction of solid (ε = f(r)),
see Fig. 4.10a) for Rein= 75, YO2,in = 0.05, and Tin = 1300 K: Tpz (a), YO2 (b), YH2 (c),
YCO (d), and YCO2 (e). Top plot shows results of 3D PRS, down plot depicts 2D PMM with
ε = f(r) and the middle plot shows 2D PMM with constant ε.
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ing under the same conditions a variable porosity over radius ε(r). Variation of the porosity

showed significant differences with those using constant porosity due to the narrow Dt/dp

ratio used for this study, achieving good agreement with the 3D PRS model. In addition,

results highlighted the relevance of geometrical features of the reactor, distinguishing effects

of wall channeling and mass fraction dynamics of carbon monoxide and on heat transfer

mechanism inside inert porous media reactors.

There is an important space to explore regarding numerical approaches for thermochem-

ical conversion processes. Further studies are necessary to assess intrinsic chemical reactions

(macro and micro-pore-level numerical studies, tracking of porosity and particle radius) for

a single particle and for fixed-bed reactor problems, variation of the converted fuel and

gasifying agent, geometrical features of the unit (Dt/dp), and hybridization of the porous

zone.
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Chapter 5

Solar-driven gasification for syngas

production at low temperatures using a

rotary hybrid porous media reactor
∗

∗This chapter is based on the manuscript published in A. Arriagada, R. Mena, N. Ripoll, R.E. Hayes, P.
Nikrityuk and M. Toledo, Chemical Engineering Journal, 2024.

150

https://doi.org/10.1016/j.cej.2024.153011
https://doi.org/10.1016/j.cej.2024.153011


5.1 Abstract

Solar-based technologies play a crucial role in the energy transition towards a green circular

economy. This work investigates the solar-driven steam gasification of carbon char parti-

cles at low temperatures using an indirectly irradiated rotary hybrid porous media reactor.

The solar concentration system consists of a heliostat and parabolic dish with a focus on

the emitter plate located at the bottom of the reactor, allowing allothermal conditions for

hydrogen (H2) and syngas production. The hybrid bed is composed of carbon and alumina

particles randomly mixed in a 50/50 proportion in mass. Three sets were tested varying

rotation speed of the unit, i.e., Set A (0 rpm), Set B (15 rpm), and Set C (20 rpm). Numer-

ical simulations were performed using a one-dimensional model assessing mass, energy and

chemical conservation equations, considering a semi-global kinetic scheme, including three

homogeneous and four heterogeneous chemical reactions. The optical design configuration

of the solar system, in addition to the high heat recirculation enhanced by the rotation of

the reactor, allowed maximum temperatures of 662 K (outer surface) and 573 K (reaction

chamber). At this low-temperature range, a good agreement between numerical simulations

and experiments was achieved, observing a H2/CO ratio of 0.088 (Set B) and 0.163 (Set C),

representing a 5.7% and 3.1% deviation, respectively. Numerical results (1D approach) show

an increase in the temperature would lead to a higher H2/CO ratio production. Finally,

a 3D-CFD based porous media model including char reacting particles is mathematically

described. Further studies are necessary to assess hydrogen and syngas production under

these operating conditions at high temperatures.

Keywords : Fixed-bed reactor, Gasification, Hybrid porous media, Hydrogen, Solar en-

ergy.
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Nomenclature
Symbol Definition

Bf Solid fuel combustion rate, kg ·m−3 · s−1

b Arrhenius pre-exponential constant, -
Cp Specific heat at constant pressure, J · kg−1 ·K−1

D Mass diffusion coefficient, m2 · s−1

F Ratio between the particles surface to the porous media volume, m−1

Hv Enthalpy release source term, J ·m−3 · s−1

k
(v)
β Pyrolysis kinetic rate, s−1

Le Lewis number, -
η′jα Stoichiometric coefficient for reactants in homogeneous reactions, -
η′′jα Stoichiometric coefficient for products in homogeneous reactions, -
NSP Number of species considered, -
NHO Number of homogeneous reactions, -
NHE Number of heterogeneous reactions, -
p0 Pressure on standard conditions, kPa
Qrγ Standard heat of reaction, J ·mol−1

rbα Backward reaction rate, mol ·m−3 · s−1

rfα Forward reaction rate, mol ·m−3 · s−1

r
(H)
γ Heterogeneous reaction rate, mol ·m−3 · s−1

Sj Source term for j-th species, mol ·m−3 · s−1

t Time, s
T Temperature, K
ux Filtration velocity, m · s−1

vx Combustion front propagation rate, m · s−1

ν ′
jα Stoichiometric coefficient for reactants in heterogeneous reactions
ν ′′
jα Stoichiometric coefficient for products in heterogeneous reactions, -
W Molecular weight, kg ·mol−1

yj Molar fraction of the j-th species in gaseous phase
µ Molar fraction of volatiles released from the solid fuel, -
σj Mass fraction of the j-th species in the volatiles, -
θ Porosity, -
ρ Density, kg ·m−3

λ Thermal conductivity, W ·m−1 ·K−1

ε Fraction of heat retained in the solid phase, -
ξ Global heat transfer coefficient, W ·m−2 ·K−1

5.2 Introduction

The development of solar-based technologies aligned with the Sustainable Development Goals

(SDGs) of the United Nations (UN), in particular with affordable and clean energy (SDG 7),

152



still represents moderate and significant challenges for most of the OECD countries [1, 2].

In this scenario, solar-driven gasification has been demonstrated as a promising technology

to use solar energy for the production of syngas [3], being a forceful path to utilize coal in a

low-carbon way for the production of chemical feedstocks.

Coal, known for its abundance and energy density, continues to be a crucial solid fuel,

supplying more than one-third of the world’s electricity generation. Nevertheless, its constant

use as a fuel has resulted in a global coal demand record high in 2022, rising by 4% year-on-

year to 8.42 billion tonnes, and it is expected to reach a new record for 2023 (an increase of

1.4%) [4]. As a consequence, the low-carbon emission utilization of coal has gained interest

as an essential research topic, coupling the process to carbon capture and development of

renewable energy [5, 6].

Synthesis gas, commonly referred to as syngas, constitutes a significant blend of hydrogen

(H2), carbon monoxide (CO), and minor hydrocarbon components. Typically derived from

the thermal degradation of carbonaceous feedstock, the production process varies based

on the feedstock’s form—gaseous, liquid, or solid—each requiring specific processes and

technologies. Gaseous and liquid feedstocks are mostly processed by steam reforming, partial

oxidation, and autothermal reforming or oxidative steam reforming [7, 8]. While with solid

feedstock like coal, petroleum coke, or biomass, a previous stage is required: gasification,

which usually occurs under autothermal conditions, where the same fuel is used to provide

heat for the highly endothermic reactions, being partial oxidation the most common method

used [9]. In general, the conventional gasification process does not meet a carbon-neutral

requirement, which could be potentially addressed using renewable energy sources such as

solar energy, and feedstocks, for driving the partial oxidation process.

Allothermal gasifiers, also known as indirect gasifiers, use an external source of energy

to transform their feedstock into a gaseous fuel. In conventional gasifiers, one part of the

carbonaceous fuel is burned with oxygen (O2) to provide energy to drive the endothermic

gasification reactions for syngas production. This results in syngas mixed with combus-

tion products and other impurities, reducing its quality in the process. On the other side,

high-quality syngas, produced by solar gasification has a higher energy output per unit of

feedstock (with a theoretical energy upgrade of 33% [10]), up to 50% lower specific carbon
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dioxide (CO2) emissions and low (or no) tar content at gasification temperatures exceeding

1400 K [11, 12]. Therefore, the process becomes simpler in post-processing terms, however,

an allothermal reactor requires an in-depth thermal design of the exchange surface/heat ex-

changer, as well as additional parts that are not needed in conventional autothermal gasifiers.

Design configurations of allothermal gasifiers are similar to their autothermal counterparts,

existing fixed-bed, fluidized bed, entrained flow, molten salt and rotary kiln gasifiers [13–16].

Replacing conventional gasification with concentrated solar radiation driven gasification has

the following benefits: (1) The calorific value of syngas can be greater than that of the gasi-

fied fuel; (2) The gaseous products are not mixed with combustion products; (3) Pollutant

emissions to the environment are reduced [12, 17, 18]; and (4) Solar energy is stored chem-

ically, transforming an intermittent resource into an energy carrier available on demand,

among other benefits [19].

In order to facilitate the design process, Steinfeld and Palumbo [20] proposed a classifi-

cation centred on the interaction of the chemical reactions with solar energy. Two groups

are singled, where the first considers directly irradiated reactors i.e., the chemical reactants

are directly exposed to the concentrated solar radiation, and the second group considers the

indirectly irradiated reactors, which use opaque external walls exposed to the concentrated

solar radiation to transfer the absorbed heat into the reaction chamber. Heat transfer in

allothermal gasifiers is a limiting condition to drive the endothermic reactions at a desired

operational temperature. When operated on directly irradiated reactors, having a porous

structure in the reaction zone (packed-bed, fluidized bed or porous foam), the main limiting

heat transfer mechanism is the optical thickness of the media [21] and the heat transfer

surface [22]. On the other hand, indirectly irradiated reactors are limited by the optical

and thermal properties of the emitter plate. Heat is absorbed at the emitter plate and then

transferred, through conduction, to the reaction chamber where heat is transferred mainly

by radiation to the reactants [11].

Directly irradiated reactor designs have been proposed and implemented for the heating

and/or thermochemical processing of particles, but, to the best of the authors’ knowledge,

have not been used for the gasification of carbonaceous feedstocks. A design approach of

great interest to this study is the use of rotation in the reaction chamber. However, Alonso
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et al. [23, 24] performed a critical review of the solar rotary kiln technology and reported

that its application has only considered water-splitting thermochemical interactions, energy

storage by chemical reduction of metals, thermal energy storage in sands, the detoxification

of hazardous materials and aluminum recycling. Rotary reactors for the solar gasification

of carbonaceous feedstocks have been only theoretically studied. In particular, Lu et al.

[25–27] performed an analytical and numerical study on a novel centrifugal fluidized bed

reactor for the steam gasification of char particles. Main findings of these studies are: (1)

Rotational speed is the most relevant operating parameter to control particle residence time

and conversion; (2) Increasing radiation had a positive net effect on the overall conversion,

throughout rate and capital intensification; (3) The reactor inner diameter has a strong

influence on the distribution of particles and the probability of particles deposition in the

reactor’s window; and (4) particle deposition rate in the window can be strongly correlated

to the ratio of centrifugal to Stokes drag forces. Further works on rotary reactors for solar

gasification of carbonaceous feedstocks were not found.

Like the directly irradiated designs, packed-bed and fluidized bed reactors have their

equivalent indirectly irradiated design. Piatkowski et al. [28, 29] were the first to perform

studies on the solar gasification of carbonaceous feedstocks in an indirectly irradiated packed-

bed reactor. This reactor features an opaque emitter plate of SiC-coated graphite fibers to

absorb the concentrated solar radiation and reradiate it to the reaction chamber, while

remaining inert to the reducing atmosphere at the reactor’s interior. To enhance the amount

of radiation entering the cavity receiver, a CPC was incorporated at the reactor’s aperture,

and a fused quartz window was used to reduce reradiation losses to the environment. A

benefit of the emitter plate is that it acts as a thermal shock absorber for possible variations

on the energy input (intrinsic to solar energy).

An indirectly irradiated molten salt reactor design was theorized earlier by Trombe as

a possible solution for stable gasification of carbonaceous feedstocks [30]. Gregg et al. an-

alyzed its technical feasibility [31] and Bruckner presented a detailed account of the layout

required for continuous operation [32] while Tamaura et al. performed experimental stud-

ies on a molten salt gasifier for the production of syngas using coal and CO2 powered by

electricity [33]. The first operational solar molten-salt indirectly irradiated reactor for the
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dry gasification of cellulose was studied by Hathaway et al. in a fully allothermal mode [15]

confirming the benefits of utilizing molten carbonate salts as a reaction interphase for the

dry gasification of biomass. Later a hybrid autothermal operation was tested in the same

reactor to produce hydrogen-rich syngas from the steam gasification of cellulose [34].

To the best of the authors’ knowledge, there is no reported experimental research regard-

ing solar-driven steam or dry gasification using an indirectly irradiated rotary hybrid porous

media reactor. These units contain a mixture of solid fuel and inert particles composing

a discrete porous bed for the simultaneous conversion of solid and gaseous fuels to H2 and

syngas [35], using air, steam, carbon dioxide, and premixed air/fuel flows as gasifying agents.

During the autothermal process, the reaction wave propagates through the hybrid porous

bed, sustaining simultaneous homogeneous and heterogeneous chemical reactions, naturally

including the inherent features of porous media combustion [36–39].

This study aims to evaluate syngas production from sub-bituminous coal and steam at

low temperatures using a pioneering coupled system, integrating concentrated solar energy

and hybrid porous media technology, assessing air/steam supply ratio, and solar power, to

better understand the behaviour of the allothermal indirectly irradiated reactor for improving

the generation of syngas.

5.3 Materials and methods

In this section, the experimental setup and procedures are detailed through three subsec-

tions: solar field and solid fuel characterization, experimental apparatus, and experimental

procedure. The construction of the reactor and the solar field design and setup configuration

is provided in the Appendix of this thesis.

5.3.1 Solar field and solid fuel characterization

Experiments were conducted in a solar field consisting of a heliostat and a parabolic con-

centrator dish located at the Renewable Energy Laboratory (LER) from the Department

of Mechanical Engineering of the Universidad Técnica Federico Santa María, in Viña del

Mar, Chile (33°02’23.0"S, 71°29’09.3"W) (See Appendix section A.1). The optical design
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Figure 5.1: Optical design configuration of solar system.

configuration of the solar system is depicted in Figure 5.1. Tests were conducted using a

flat-plate calorimeter to characterize temperature, irradiation, and power measurements of

the tested experimental conditions (See Appendix section A.2).

The sub-bituminous coal sample was collected from Mina Invierno, located in the Riesco

Island, in the local municipality of Rio Verde, Region of Magallanes and Chilean Antarctica.

Ultimate analysis of the sub-bituminous coal was conducted using a Thermo Finnigan Flash

EA Series 1112. Proximate analysis was performed following standards ASTM D-3173-11

(Moisture content), ASTM D3174-12 (Ash), and ASTM D3175-11 (Volatile matter). Values

are summarized in Table 5.1, also comparing results with values reported in the literature.

Table 5.1: Comparison of ultimate and proximate analyses with literature data.

Solid fuel C H O N S MC Ash VM FC
Measured 56.2±0.6 3.44±0.05 18.1±0.3 1.43±0.03 <0.45 6.71±0.01 12.7±0.3 38.8±0.8 41.79

[40] 44.0 3.5 11.6 1.2 0.8 3.6 37.3 23.6 35.5
[41] 74.9 5.33 16.96 2.28 0.47 17.14 6.84 34.2 41.82
[42] 54.41 5.19 32.40 1.15 0.99 13.54 5.86 42.62 37.98

5.3.2 Experimental apparatus

Figures 5.2 shows the schematics of the experimental setup, which consists of six main parts:

supply and control lines; an atmospheric reactor; parabolic dish concentrator; thermocou-

ples and data acquisition module; high precision steam generator; and finally, the reaction

products sampling system. An actual picture of the experimental setup is shown in Figure

5.3 for future reference. The rotary reactor, depicted in Figure 5.4, has a reaction chamber
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Figure 5.2: Schematic of the experimental setup.

of 1.062 L volume, and an inner diameter of 62 mm, where its cavity receiver inlet diameter

is 50 mm. The rotary drive and supporting structure were designed to sustain inclinations

from 0° to 60°. A stepper motor and a chain drive were used to rotate the reactor, while

the control of the rotary system was performed by an Arduino UNO shield. The system

can rotate from 5 rpm to 60 rpm and security mechanisms were incorporated to protect the

user and the facility. Thermocouples are distributed over the reactor from a point near the

emitting plate to the reactor seal cover (See Figure 5.4), registering the temperature every

second during the experimental tests. T1 and T2 correspond to type S thermocouples, and

T3 and T4 to type K thermocouples. The reactor was preliminarily characterized using an

external heat source (replacing solar heat) to assess thermal profiles inside the unit (See

Appendix section A.3).

5.3.3 Experimental procedure

In the first stage of the solar field’s construction, a series of experiments were carried out,

with the main focus on the analysis of the temperature recorded by the thermocouples and

modifications of the solar concentration field, which can be seen in more detail in sections

A.1 and A.2 of the Appendix. For each test, crucial parameters must be defined in order
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Figure 5.3: Experimental setup.

Figure 5.4: Reactor dimensions and thermocouples positions, measures in mm.
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to prepare the system for conducting experiments, e.g., operating time, rotation speed,

inclination, volume of carbonaceous material/alumina, and steam flow. The heliostat field,

high-precision steam generator, and the reaction products sampling system for further gas

chromatography follow an independent protocol for their proper functioning. Exhaust gases

are captured using Tedlar bags, and subsequently analyzed in a Gas Chromatograph Series

600 GOW-MAC for the detection of H2,CO,CH4,CO2 and hydrocarbons (HC) expressed

as C2H6. Temperature acquisition within the reactor was performed wirelessly by means

of an MCC134 shield coupled to a Raspberry Pi 3 B+ using four thermocouple holders.

Datalogging was performed by custom software and allowed data measurement rates of 1

sample per second per channel on four analogue channels.

This study will cover three sets of experiments varying the rotation speed of the system:

Set A (0 rpm), Set B (15 rpm), and Set C (20 rpm). An inclination angle of 15° was used

for all experiments. The gasification of sub-bituminous coal inside the hybrid porous media

reactor operates using batch mode. This reactor sets a baseline for continuous operation,

considering its rotation and the feed of fuel at the top of the unit. The proportion between

alumina and coal is 50% each from a mass perspective.

5.4 One-dimensional numerical model

This section will present a 1D numerical contrast with experiments, based on the hybrid

filtration combustion (HFC) presented, and validated by Ripoll et al. [43]. To simulate

the conditions within an allothermal reactor, a Dirichlet boundary condition was set at the

“inlet” of the reactor, where the emitter plate is, and a Von Neumann boundary condition

was set at the outlet of the reactor. The model considers the following assumptions:

1. There are no heat losses through the reactor walls.

2. The pressure drop across the reactor is negligible.

3. The porosity of the porous matrix is constant, and it is not affected by the local

rearrangements of the fuel particles.
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4. The linear combustion velocity of the reaction wave is considerably smaller than the

filtration velocity of the gases.

5. There is no thermal equilibrium between the gaseous and solid phases.

6. Since it is an atmospheric reactor, methane is not considered in the volatiles.

7. The solid residue of the volatilization of coal is considered to be pure carbon (C).

8. The combustion wave velocity was lowered by two orders of magnitude to assimilate

the lower reaction rate of a fully endothermic reaction led by the energy supplied from

the emitter plate.

The governing equations of the hybrid porous media reactor model are described by

Equations 5.1 to 5.4 as follows:

Conservation of mass for gaseous species:

∂yj
∂t

+ ux
∂yj
∂x

−D
∂2yj
∂x2

=
Sj

θρg
(5.1)

Conservation of energy for gaseous species:

∂Tg

∂t
+ ux

∂Tg

∂x
− LeD

∂2Tg

∂x2
=

HV

θcpgρg
(5.2)

Conservation of mass for solid species:

∂ρf
∂t

+ vx
∂ρf
∂x

= − Bf

(1− θ)
(5.3)

Conservation of energy for solid species:

∂TS

∂t
+ vx

∂TS

∂x
− λS(

ρfCPf
+ ρiCPi

) ∂2TS

∂x2
= −

ε
∑NHE

γ=1 r
(H)
γ QRγ + ξF (TS − Tg)

(1− θ)
(
ρfCPf

+ ρiCPi

) (5.4)

where the mass source term for the j-th gaseous species (Sj) and the enthalpy release

term (HV ) are given by Equations 5.5 and 5.6, respectively, where thermal decomposition of
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the solid fuel (I), formation of gaseous species due to homogeneous (II) and heterogeneous

chemical reactions (III) are included.

Sj =
(1− θ) · ρf

Wj

· k(v)
β · µ · σj︸ ︷︷ ︸

I

+

NHO∑
α=1

(
η′′jα − η′jα

)
· (rfα − rbα)︸ ︷︷ ︸

II

+
1

WS

·
NHE∑
γ=1

(
v′′jγ − v′jγ

)
· r(H)

γ︸ ︷︷ ︸
III

(5.5)

HV = −(1− ε)
1

WS

NHE∑
γ=1

r(H)
γ QRγ︸ ︷︷ ︸

I

+

NSP∑
j=1

Sj,v · hj (TS)︸ ︷︷ ︸
II

+ ξ · F · (TS − Tg)︸ ︷︷ ︸
III

(5.6)

Regarding the chemical kinetics, a simplified semi-global scheme was used, being com-

posed of seven reactions, i.e., four heterogeneous, and three homogeneous. R2.1 represents

the oxidation of carbon monoxide, R2.2 is the forward and backward water gas shift reaction,

R2.6 is the Boudouard reaction. In addition, the kinetic parameters are shown in Table 5.2:

Table 5.2: Reaction mechanism and chemical kinetics factors [44].

Reaction ∆H0

(MJ/kmol)

A

( mol/m3 · s)
b

(−)

E

( J/mol ·K)

R2.1 2CO + O2 → 2CO2 -283 3 · 107 0 118,832
R2.2 CO + H2O ↔ CO2 +H2 -41 2.78 · 103 0 104,423
R2.3 H2 +O2 → 2H2O -242 8.8 · 104 0 99,768
R2.4 2C + O2 → 2CO -221 2.5 · 106 0 131,000
R2.5 C + O2 → CO2 -393 1.6 · 104 0 98,000
R2.6 C + CO2 → 2CO +172 4.6 · 102 0 140,000
R2.7 C + H2O → CO+H2 +131 7.2 · 104 0 180,000

Simulations were performed using a one-dimensional model of hybrid porous media com-

bustion considering 7 reactions and 6 species [43]. The experimental conditions consider a

hybrid bed of 100 g of sub-bituminous coal and 100 g of alumina spheres with an average

diameter of 5.6 mm. Therefore, considering their densities and assuming a porosity of 40%,

the volumetric fraction of fuel in the hybrid bed is given by Equation 5.7:
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Figure 5.5: Temperature profile. (a) Set A (no rotation). (b) Set B (rotation).

%Fuel =

100g
850g/L

· 1
0.4

100g
850g/L

· 1
0.4

+ 100g
3987 g

L
· 1
0.4

= 82.43% (5.7)

5.5 Results and discussion

5.5.1 Experimental tests

Firstly, Figure 5.5 shows the transient and stationary thermal profiles measured by thermo-

couples inside the reactor. Figure 5.5a shows a typical temperature profile of the reactor

(Set A, no rotation) that takes approximately 135 min. T1 temperature profile presents the

maximum temperature due to its near location close to the solar heating spot (emitter plate).

T2 and T3 show similar behaviour in terms of achieved values for temperature, which could

be attributed to the absence of rotation. Figure 5.5b shows that T1 presents the highest

temperature (around 473 K) where the gasification process takes place due to the catalyst

action of air/water vapour. T1 is higher than T2, and T2 is higher than T3, confirming the

heat recirculation due to hybrid porous media and rotation of the system.

Thermographic camera TESTO 868 was used to evaluate the accuracy of the focal irra-

diation in the emitter plate of the reactor. Figure 5.6 shows images from the thermographic

camera on the reactor plate and front flange. The maximum (PC1) and average (AV1) tem-

peratures achieved are presented in Table 5.3. The left hand side of Figure 5.6 shows these
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(a)

(b)

Figure 5.6: Thermographic camera images on reactor plate and front flange. Emissivity =
0.79. (a) Set A (no rotation) (b) Set B (rotation, 15 rpm).

reference points, where the software incorporated by the thermographic camera (Testo 868

Thermal Imager) reports the obtained values. Set A and Set B consider no rotation and

rotation of the reactor, respectively, showing that the plate and front flange take similar high

temperatures. These results confirm that the coal is gasified in the range of 473 K and 673

K approximately.

Table 5.3: Results of thermographic camera for different solar tests.

Parameter Set A Set B
Maximum temperature, K (PC1) 662.7 654.2
Average temperature, K (AV1) 622.5 610.6

Table 5.4 shows the gases produced (H2, CO, CH4 and CO2) from the process according

to the methodology. The majority of the products mixture is represented by carbon dioxide

(CO2) with values of 82.73%, 86.73%, and 90.46% for sets A, B, and C, respectively. The

highest share of hydrogen (H2) was achieved for set C, with a value of 1.27%. These results

confirm syngas production at low temperatures for different configurations.
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Table 5.4: Gaseous emissions for different solar tests.

Species Set A (%) Set B (%) Set C (%)
Hydrogen (H2) 0.5 1.02 1.27
Carbon monoxide (CO) 16.45 11.56 7.75
Carbon dioxide (CO2) 82.73 86.73 90.46
Methane (CH4) 0.19 0.51 0.39
HC expressed as C2H6 0.13 0.17 0.13

5.5.2 Numerical simulations and contrast with experiments

Taking into consideration the experimental conditions, the following set of numerical exper-

iments was performed, using an 82.43% fuel, and 90% steam concentration (See Table 5.5).

H2/CO ratio is calculated on a basis of 100 moles of sample. These values are obtained

directly from the gas chromatography as stated in Table 5.4. Differences between exper-

iments and simulations regarding the H2/CO ratio are 5.7% and 3.1% for sets B, and C,

respectively. This shows a better accuracy of the model when the rotation system is active.

On the other hand, when operating with a static reactor (Set A, no rotation), there is not a

good agreement between experiments and numerics.

Table 5.5: Contrast experiments and numerical simulations of the process.

Set AV1 H2/CO exp . H2/CO sim.

A 622.5 K 0.030 0.088

B 610.6 K 0.088 0.093

C 496.5 K 0.163 0.158

Figures 5.7 and 5.8 present the simulated temperature distribution and species concen-

tration profile within the reactor respectively, where each graph has a zoomed box with

details on the solid (inert particles) and gas temperature near the emitter plate. Figure 5.7

shows higher solid temperature than gas temperature near the emitter plate. That is due

to the stronger effect of conduction and radiation between the emitter plate and the solid

phase of the reactants in immediate contact. After the first 5 mm, the solid and gas phase

temperature profiles seemed to be perfectly aligned, this behaviour showcases the range of
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Figure 5.7: Temperature distribution inside the reactor for each test (Simulation).

effect of the emitter plate within the reactor and the increase of relevance of advection as a

heat transfer mechanism within the reactor. A compact high-temperature zone is identified

within the first 7 cm between the emitter plate and the porous bed, which can be explained

by the limited heat transfer performance of the packed-bed at lower temperatures, observing

an almost constant temperature profile after this point. Ng and Lipiński [45] highlighted in

their theoretical study that for temperatures below 700 K, intermediate reactions do not take

place, and is in the range from 700 K to 1,200 K that components such as C, CH4, CO2 and

H2O become unstable and their concentration decreases. Moreover, Figure 5.8 shows species

concentrations along the reactor, where hydrogen and carbon monoxide were produced in the

first part of the reactor (where the emitter plate is located). However, carbon dioxide (CO2)

presents the major concentration, which can be supported by the low availability of high

temperature heat to drive the Water Gas Shift and the Boudouard reactions, both highly

endothermic reactions that consume CO2.

An additional set of numerical experiments was performed to observe the behaviour of

syngas production, as well as H2/CO ratio in the range of 400-1200 K within the reaction

zone near the emitter plate, (See Figure 5.9). It is observed that the simulated data is in good

agreement with the experimental measurements at low temperatures and that a minimum

in the H2/CO is expected to occur between 800 K and 900 K. This could be attributed to

a change in the syngas production mechanism from the devolatilization process of coal to
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Figure 5.8: Species concentration profile inside the reactor for each test (Simulation).

Figure 5.9: H2/CO ratio for each test.
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the steam gasification of the available coke, as well as to the WGS reaction favoured by the

wide availability of steam inside the reactor. Results shown in Figure 5.8, and supported

by experimental data from Figure 5.9 are of interest, illustrating the possible interactions at

temperatures lower than 700 K within a hybrid porous bed.

5.6 Three-dimensional modeling of a hybrid porous me-

dia reactor

An extension of the mathematical modeling of a hybrid porous media reactor is now formu-

lated using a 3D-CFD based porous media model including char reacting particles treated

as porous, and inert solid particles. It is important to mention that this pseudo-steady-state

(PSS) approach would require a significant amount of computational resources (+100 million

cells). Just as a comparison, the 3D-CFD based particle-resolved simulations investigated

in Chapter 2 were performed using 1.97 million cells regarding the mesh size. Thus, the

solution of this model is not performed within this thesis. In addition, formulation of in-

house user-defined-functions (UDFs) would be required for porosity, thermal conductivity,

effective diffusivity. Considering an unsteady-state approach of the model would also require

UDF for specific surface area (S ′′′) and local porosity (ε(XC)), based on carbon consumption

rates (XC). It is crucial to mention that converting this model into a solar-driven gasifica-

tion process representation requires a solar boundary condition imposed at the inlet of the

reactor.

5.6.1 Governing equations

The conservation equations (Equations 5.8 to 5.11) are described based on the following

assumptions, as outlined in the literature [46, 47]:

• The porous zone is composed of monosized spherical carbon char particles and alumina

spheres.

• Solid fuel particles as a continuously porous medium with initially isotropic properties.
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• The ambient gas phase is considered isobaric with p = 105 Pa.

• The flow is laminar within the fluid domain.

• Devolatilization of the particles is not included due to the steady-state feature of the

model.

• Porosity inside each solid fuel particle (εp) is considered as a constant value.

• The radiation model considered for simulations is the P-1 model.

• Thermal equilibrium is assumed for solid (inert, reacting particles) and gas phases.

• The influence of the wall channelling effect on the heat and mass transfer near the wall

is neglected.

• The buoyancy effect is neglected.

Taking into account all assumptions made, the final system of equations has the following

form [48, 49]:

Conservation equation for mass transport:

∇ · (ερgu⃗) = Sm (5.8)

Conservation equation for momentum transport:

∇ · (ερgu⃗u⃗) = −ε∇p+∇ · (ετ)−
(
ε2µ

α
u⃗+

ε3C2

2
ρg|u⃗|u⃗

)
+ Smu⃗ (5.9)

Conservation equation for species transport:

∇ · (ερgu⃗Yi) = ∇ · (ερgDeff∇Yi) + εRi + SHO (5.10)

Conservation equation for energy transport:

∇ · (ερgu⃗hg) = ∇ · (λeff∇T )−
∑
i

ε
h0
i

Mi

Ri +QHO (5.11)
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where ε is the bed porosity, τ = µ
(
∇u⃗+∇u⃗T

)
is the stress tensor. Species i is any react-

ing participant involved in the heterogeneous combustion process (HE), i.e., H2O,O2,H2,CO,CO2,

Deff is the mass diffusion coefficient, λ is the thermal conductivity, hi is enthalpy, h0 is the

enthalpy of formation, Mi is molecular weight, Yi is mass fraction, SHO and QHO are the

species and heat source terms due to homogeneous chemical reactions, respectively. Ri is the

net production rate, and R̂i,r is the Arrhenius molar rate of creation/destruction for species

i, respectively. These terms are described below, where v′′i,r and v′i,r are the stoichiometric

coefficients for reactants and products in the reaction r, η′j,r and η′′j,r are the forward and

backward rate exponents in the reaction r for each chemical species j.

Ri = Mi

∑
r

R̂i,r (5.12)

R̂i,r =
(
v′′i,r − v′i,r

) [
kr

N∏
j=1

C
(η′j,r−η′′j,r)
j,r

]
(5.13)

The source term incorporated in the continuity equation is calculated depending on

the selected kinetic scheme (S ′′′ is different in Chapters 3 and 4 since three heterogeneous

chemical reactions were considered), and may be expressed in this case as:

Sm = S ′′′
(
ρ
2MC

MO2

kR4YO2 + ρ
MC

MO2

kR5YO2 + ρ
MC

MCO2

kR6YCO2 + ρ
MC

MH2O

kR7YH2O

)
(5.14)

The species source term due to homogeneous reactions (r,HO) can be calculated as:

SHO = ε
∑
r

(
v′i,r − v′′i,r

)
Rr,HO (5.15)

The heat source term due to homogeneous reactions (r,HO) can be estimated as:

QHO = −ε
∑
r

∆Hr,HORr,HO (5.16)

The density of the gaseous mixture can be calculated as stated in Equation 5.17. Viscosity
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and thermal conductivity are calculated using the kinetic theory [48].

ρ =
P

RT
∑

i
Yi

Mi

(5.17)

The bed porosity (ε) can be described as a spatial distribution function as:

ε(r) =

 2.14z2 − 2.53z + 1; z ≤ 0.637

εb + 0.29exp(−0.6z)[cos(2.3π(z − 0.16))] + 0.15exp(−0.9z); z > 0.637
(5.18)

where z = (Rt − r)/dp, r is the radius, dp is particle diameter, Rt is the tube radius, and

εb is the bulk porosity, which normally takes the value of 0.37.

The Blake-Kozeny equation may be used for calculating pressure drop, as described in

Equation 5.19 [50]. The permeability (α) and inertial loss coefficient of flow (C2) in the

porous zone are described by Equation 5.20 and 5.21, respectively.

|∆p|
L

=
150µ

D2
p

(1− ε)2

ε3
v∞ (5.19)

α =
D2

p

150

ε3

(1− ε)2
(5.20)

C2 =
3.5

Dp

(1− ε)

ε3
(5.21)

The effective diffusivity (Deff
m,i ) can be calculated using Equation 5.22:

Deff
m,i =

εp
τ

1− xi∑
xi

Dij

(5.22)

where εp is particle porosity; τ is particle tortuosity; xi is molar fraction of i th species; Dij

is binary diffusivity for i− j th pair. Dij is calculated from the Fuller correlation [51]:

Dij =
0.01013T 1.75

ptM0.5
(
V

1/3
i + V

1/3
j

)2 (5.23)

where Vi,j - diffusion volume for i, j th species [52], i.e., VCO2 = 26.9, VCO = 18.9, VH2 = 7.07,
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VN2 = 17.9, VO2 = 16.6, VH2O = 12.7. The thermal conductivity (λeff ) inside the porous

zone can be calculated using the porosity of the fixed-bed:

λeff = ελg + (1− ε)λp (5.24)

5.6.2 Boundary conditions

At the inlet of the fixed-bed reactor, the following Dirichlet boundary conditions are consid-

ered for inflow gas velocity, species mass fractions, and temperature, respectively:

u⃗ = u⃗in, Yi = Yi,in, T = Tin (5.25)

where u⃗in = f(Rein), Tin, and Yi,in vary depending on the oxidative atmosphere (YO2,in). At

the outlet of the fixed-bed reactor, the so-called outflow boundary conditions with an overall

mass balance correction would be implemented [48].

The convective heat transfer between the wall and ambient air can be calculated using

Equation 5.26 [53]:

− λwr
∂Twr

∂n

∣∣∣∣
wr

= q′′Σ = (hconv + hrad) (Twr − T∞) (5.26)

where hconv and hrad are the convective and radiative heat transfer coefficients, respec-

tively. wr states for the wall of the reactor, and ∞ is ambient conditions.

Since there is an important interaction between gaseous and solid phases on the surface

of the particles, mass and energy balance at the interface are affected by the heteroge-

neous chemical reactions (R4 to R7), due to the production and destruction rates of gaseous

species caused by these reactions along with convective and diffusive mass fluxes of the

gas phase species at the surface of particles [54]. A crucial parameter for heterogeneous

chemical reactions is the specific surface area of the porous zone (S ′′′), which would be an

input value obtained from analytical determination. Functions for effective diffusivity and

thermal conductivity in the porous zone must be implemented into the software through a

user-defined-function (UDF), where the DEFINE macros of DEFINE_DIFFUSIVITY and
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DEFINE_PROPERTY should be used respectively.

5.7 Conclusions

In this work, hydrogen and syngas production from sub-bituminous coal and steam at low

temperatures using a pioneering coupled system, integrating concentrated solar energy and

hybrid porous media technology was assessed. A facility for concentrated solar thermochem-

istry applications was developed to study a novel design of a rotary kiln using solid fuels

mixed with inert particles. The optical design configuration of the solar system (two-axis

heliostat and a parabolic concentrator dish) allowed allothermal gasification conditions in an

indirectly irradiated process.

Three sets were experimentally tested varying rotation speed of the unit, i.e., Set A (0

rpm), Set B (15 rpm), and Set C (20 rpm). Results showed gasification temperatures in the

range of 496.5 K and 662.7 K achieving H2/CO ratios of 0.030, 0.088, and 0.163 for Set A,

B and C, respectively. Numerical simulations at low temperatures showed the conversion

of sub-bituminous coal into hydrogen and syngas in the range of 400-700 K within the

reaction zone near the emitter plate, observing a good agreement with experiments. These

numerical and experimental results confirm the effects of the heat transfer mechanisms inside

the reaction chamber and the consistency of the kinetic scheme used in this study.

An increase in the temperature process (>900 K) would lead to a higher H2/CO ratio

production mainly due to the activation of the kinetic scheme, specially homogeneous chem-

ical reactions, e.g., carbon monoxide oxidation. Thus, further studies are recommended to

assess a better integration between the solar experimental setup and the reactor to improve

its performance, achieving higher gasification temperatures and a larger H2/CO ratio.
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As general conclusion, a comprehensive study of the solar thermochemical gasification

of solid fuels in a hybrid porous media reactor and a chemically reacting fixed-bed was

undertaken. The investigation encompassed experimental and numerical modeling, with

special emphasis on the complexity of heterogeneous chemical reactions, temperature and

concentration profiles, oxidative regimes, and the effect of crucial parameters for further

experiment designing, along with experimental results regarding hydrogen production at low

temperatures within a solar gasifier. Particularly, each chapter is specifically summarized in

the following paragraphs:

This doctoral thesis starts with an extended literature review regarding hydrogen (H2)

and syngas production by thermochemical processes, focusing on inert porous media com-

bustion (IPM) and hybrid filtration combustion (HFC), which were identified as viable ap-

proaches for operating in autothermal and allothermal conditions for hydrogen and syngas

production. The heat recirculation inside porous media reactors enables high temperatures in

the reaction wave, thus sustaining simultaneous homogeneous and heterogeneous reactions.

The latter takes place on the gas-solid interface for the gasification of solid carbonaceous

materials, which is the focus of Chapters 2, 4, and 3.

The subsequent section of this work focused on a computational investigation of the

combustion of char particles in a fixed-bed using a three-dimensional model. Numerical

simulations were carried out using the commercial software Ansys® Fluent, implementing a

six semi-global kinetic scheme, where carbon monoxide combustion, forward and backward

water-gas-shift reaction (WGS), Boudouard reaction, and two other heterogeneous reactions

take place inside the reactor composed of 85 spherical particles. The diameter of the particles

was 5.6 mm, following experimental data from the literature. Laminar flow regime (Rein = 50,

75 and 100), inflow gas temperature in the range of 900-1500 K, and mass fraction of oxygen

at the inlet (YO2,in) of 0.05, 0.11, and 0.233 were the parameters of interest to study the

heterogeneous combustion of carbon char particles inside the unit. The Boudouard reaction

and oxidation of carbon monoxide were dominant among heterogeneous and homogeneous

chemical reactions, respectively, being the inflow gas temperature a critical parameter to

assess, since the kinetic scheme is dramatically activated at higher temperatures. A linear

dependency has been found for species concentration and temperature profile in most of the
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simulations using YO2,in = 0.05.

In the following study, the feasibility of a 2D axisymmetric porous media model to rep-

resent a 3D particle-resolved fixed-bed model was numerically investigated. The simulation

conditions and parameters under study were as implemented in the previous work. Impor-

tant deviations were observed at Tin = 1300 K. Minimum deviations when comparing 3D

PRS and 2D PMM models were observed for YO2,in = 0.05, being 3.6% for CO, 5.5% for

CO2 and 0.76% for temperature inside the porous zone at different operating conditions.

Thermal conductivity of the solid material, axial dispersion coefficient, and radial variation

of porosity are analysed and discussed, showing good agreement between numerical models,

remarking the role of geometrical features of the unit in the gasification process.

Then, a comparative computational study of the heterogeneous combustion of a single

spherical carbon char particle in hot atmospheres with different O2 concentrations using

porous media model (PMM) and macro-pore-resolved simulations (PRS) was numerically

investigated. A two-dimensional axisymmetric computational fluid dynamics model (2D

CFD) in a pseudo-steady-state approach (PSS) was performed. Several Reynolds numbers

(Rein = 10, 50, and 100), inflow gas temperatures (Tin = 1100-2000 K), and inlet mass

fractions of oxygen (YO2,in = 0.05 and 0.11) are assessed. Results showed good agreement

between PMM and PRS, specially for Tin = 2000 K, where the deviation in the values for

species was not higher than 8.3%. Maximum deviation for CO2 was 1.54% when evaluating

the maximum values for species concentration. In addition, the effects of the gasifying

conditions, oxidative regime, and tortuosity on the partial oxidation process were discussed.

On the other hand, the experimental results of solar-driven gasification had the main pur-

pose of investigating the use of an indirectly irradiated rotary hybrid porous media reactor

for hydrogen production, located at Renewable Energy Laboratory (LER) of the Department

of Mechanical Engineering at the UTFSM, Chile. The solar concentration system consists

of a heliostat and parabolic dish with a focus on the emitter plate located at the bottom

of the reactor, allowing allothermal conditions for hydrogen (H2) and syngas production.

The hybrid bed was composed of carbon and alumina particles randomly mixed in a 50/50

proportion in mass. Three sets were tested varying rotation speed of the unit, i.e., Set A

(0 rpm), Set B (15 rpm), and Set C (20 rpm). Numerical simulations were performed using
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a one-dimensional model assessing mass, energy and chemical conservation equations, con-

sidering a semi-global kinetic scheme, including three homogeneous and four heterogeneous

chemical reactions. The optical design configuration of the solar system, in addition to the

high heat recirculation enhanced by the rotation of the reactor, allowed maximum tempera-

tures of 662 K (outer surface) and 573 K (reaction chamber). At this low-temperature range,

a good agreement between numerical simulations and experiments was achieved, observing

a H2/CO ratio of 0.088 (Set B) and 0.163 (Set C), representing a 5.7% and 3.1% deviation,

respectively. Finally, numerical results show an increase in the temperature would lead to a

higher H2/CO ratio production.

Specific conclusions for the result of each chapter were thoroughly presented at the end

of each section.

6.1 Future Steps and Recommendations

The standard Computational Fluid Dynamics (CFD) simulation approach moves from a sim-

plified scenario to more realistic conditions. It is clear that the ultimate numerical simulation

suggests a fully three-dimensional resolved model for solar-driven gasification, including a

fully rotating device, tracking of the local porosity of each single carbon/biomass particles

inside the chemically reacting fixed-bed, the use of solar energy as a boundary condition. In

the context of inert porous media, hybrid filtration combustion, and solar-driven gasification

processes, the following steps can be undertaken to better understand these phenomena:

• With the improvement of user-based computational systems, more accurate simulations

would be possible. In particular, transitioning from 2D axisymmetric to 3D particle-

resolved simulations considering intrinsic heterogeneous chemical reactions represents

a balance between computational costs and the complexity of the model.

• Although all the numerical studies were focused on coal and solid fuel particles, it is

necessary to transition towards the hybridization of the porous bed to get a realis-

tic hybrid filtration combustion configuration of the reactor, where part of the solid

particles are also inert.
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• The dimensions of the implemented reactor in the numerical studies are a smaller

version of those generally used at lab-scale. Thus, implementing HFC reactors with

the usual dimensions would be important as a new layer of complexity for the model.

• From the theory of HFC and solar-driven gasification, it is well-known that to avoid

the instability of the combustion wave, the rotation of the system must be included.

This was not considered in the numerical studies due to their steady-state feature.

• The last step to evolve from HFC to solar-driven gasification would be including the

solar boundary condition to create a realistic setup inside the numerical model.

• One of the important assumptions was adiabatic conditions at the wall of the reactor.

It would be a relevant improvement to add a user-defined-function (UDF) for heat flux

through the wall.

• Although char coal particles are more manageable regarding their kinetic mechanism

(use of global and semi-global schemes), the main goal of the future project will be to

explore the use of two renewable sources (solar and biomass energy) to produce hydro-

gen and syngas. Thus, the variation of the solid fuel to gasify inside the reactor is a

relevant parameter to assess. This can be extended for the numerical simulation of new

blends, including hydrogen (H2), methane (CH4), and ammonia (NH3) as interesting

gaseous fuels to assess.

• The transient simulation of the gasification of char particles inside a chemically reacting

fixed-bed or a hybrid porous media reactor requires tracking of the local porosity along

the process inside each solid fuel particle.

In terms of the experimental studies, future steps consider the design of a new reac-

tor concept for solar-driven gasification, and the improvement of the setup (heliostat) to

get higher gasification temperatures, also varying the solid fuel under study and other op-

erational parameters, such as equivalence ratio, rotation speed, inclination angle, share of

fuel/inert particles inside the reactor, continuity of the operation, among others. Specific

recommendations can be found below:
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• Extend the use of several solid fuels inside the gasifier concept. In particular, the use

of Radiata Pine and Eucalyptus Globulus, two of the most abundant forest species

available in Chile. This would suggest the use of more complex kinetic schemes to

represent the heat and mass transfer processes of biomass gasification. An extension

to other gaseous fuels can be implemented using hydrogen (H2) or ammonia (NH3),

where if only volumetric reactions take place inside the reactor, a detailed mechanism

should be evaluated to perform numerical simulations.

• Regarding the last point, it would be interesting to assess the composition of the

hybrid bed, including experimental tests using layers of solid fuel and inert particles

and several configurations inside the porous bed (particle sizes, amount of solid fuel

particles included inside the reactor).

• The use of different Dt/dp ratio for the evaluation of the geometrical features of the

reactor. This must be analyzed simultaneously with the CFD approach to assess the

relevance of these parameters in the performance inside a porous medium.

• Improve the design of a solar gasifier for future solar-driven gasification tests, including

geometrical aspects, inclination and rotations peed. This must be aligned with the

control and monitoring of variables throughout the experiments.
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A.1 Evolution of optical design configuration

Figure A.1.1: Annual normal radiation at sample site period 2004-2016. Coordinates:
33°02’23.0"S, 71°29’09.3"W.
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(a) (b)

(c)

Figure A.1.2: Reactor located behind parabolic disc (a). Reactor located in front of parabolic
disc (b). Actual optical configuration (c).

222



(a)

(b)

(c)

Figure A.1.3: Schematic of the solar experimental test bench. Yellow dashed lines represent
the trajectory of a sun ray across the optical configuration. (a) Cassegrain concentrator
configuration. (b) Reactor located at the top of the structure. (c) Real emplacement of the
solar experimental test bench.
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A.2 Flat-plate calorimeter

(a) (b)

(c)

(d)

Figure A.2.1: Flat-plate calorimeter under real operation conditions (a). Distribution of
type-K thermocouples and temperature profile obtained from a measurement (lower to higher
temperatures go from blue to red) (b). Schematic of flat-plate calorimeter with parallel
plates: (1) Calorimeter body, (2) Difusor, (3) Copper plate, (4) Rubber seals (c). Solar
experimental test bench using calorimeter (d).
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Figure A.2.2: Temperature, irradiation, and power measurements for one of the tested ex-
perimental conditions with the custom calorimeter.

A.3 Solar rotary reactor

Figure A.3.1: Uninsulated rotary reactor. (1) Cavity receiver; (2) Reactor’s cradle; (3)
Reactor main body; (4) Two-way high temperature rotary joint; (5) Adjustable support
structure; (6) Rotary drive.
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(a) (b)

Figure A.3.2: Schematics (a) and Experimental setup (b) for characterization inert porous
media reactor.

Figure A.3.3: Thermal profile characterization inert porous media reactor.
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