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Abstract

Finding sustainable energy sources is one of the main topics of today. Fossil fuels are getting
exhausted, and the negative impact of climate change on earth lead to a big interest in imple-
menting new sustaining energy sources. Iron powder has the potential to be a new sustaining
energy source for the future, without contributing in this climate change. In the concept of iron
powders as clean energy carriers, one of the essential steps is reducing iron oxides to enable iron
combustion again. In this work, a study on iron oxide reduction is performed with the use of a
modeling tool ParScale. The model is first validated with analytical solutions of single particle
reaction at different limiting regimes, which are defined by Damkohler numbers. Subsequently,
hydrogen reduction of iron oxide is modeled for single particle as well as particle batches, in order
to investigate the reaction kinetics from real experiments. The results indicate that Parscale con-
stitutes as a promising tool for modeling an iron oxide reduction process, and could be used for
coupling with CFD-DEM.
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List of Symbols

Symbol Definition Unit
a Stoichiometric fluid ratio -
b Stoichiometric solid ratio -
Bi Biot number -
cp Specific heat J/kgK
C Concentration kmol/m3

De Effective diffusion coefficient m2/s
D Diffusion coefficient m2/s
Fo Fourier number -
h Heat transfer coefficient W/m2K
hv Specific enthalpy J/Kg

j̇ Diffusion flux kg/m2s
km Mass transfer coefficient m/s
ks Surface reaction rate m/s
kv Volumetric reaction rate 1/s
m Mass kg
MW Molecular weight kg/kmol
ṅ Molar flux kmol/m2s
N Moles kmol
Nsh Nusselt number -
NG Number of gas species -
NS Number of solid species -
ṗ Phase change rate kmol/m3s
q̇ Specific heat production W/m3

QA Flux of fluid A through surface of any radius r kmol/m2s
QAc Flux of fluid A through the reaction surface kmol/m2s
QAs Flux of fluid A through the outer radius R kmol/m2s
r Radius m
rS Reaction rate solid kmol/m3s
Rg Universal gas constant J/kmolK
R Outer particle radius m
s Chemical production rate kmol/m3s
T Temperature K
t Time s
V Volume m3

X Solid Conversion -
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Symbol Definition Unit
α Thermal diffusivity m2/s
θv Dimensionless time -
γ Tortuosity factor -
ε Void fraction -
λ Thermal conductivity W/mK
ρ Density kg/m3

τd Diffusion limited timescale s
τr Reaction limited timescale s
φ Porosity -
φv Thiele modulus -
ξ Dimensionless radius -

Subscript Definition
0 At time equals zero
A Fluid reactant
c Core
eff Effective value
enviro Environment
g Gas
i Initial
s Solid
S Solid reactant
∞ Surrounding
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1. Introduction

In order to reduce the greenhouse gases and rely on sustainable sources, there must be a transition
from energy production mainly based on fossil-fuels, to renewable energy production. However,
this transition has many challenges, with maintaining the grid stability being one of them. Renew-
able energy is never produced constantly, since it relies heavily on weather conditions. In order to
maintain a stable grid, there must be an energy carrier that can store and transport the produced
renewable energy.

Currently, a lot of scientific efforts are invested in hydrogen and batteries, which have several
drawbacks. Both energy carriers have a low energy density, and additionally for hydrogen, there
is a serious explosion risk. Given this, there is a need for another chemical energy carrier which
should have a comparable energy density as fossil fuels like diesel or gasoline. Metals are one of
the possible dense energy carriers, as the concept illustrated in Figure 1. When selecting a metal
fuel which reacts in a redox cycle, 5 constraints are applied [2],

• The element must react with oxygen

• It must have a competitive fuel energy density

• Not contain toxic, radioactive or dangerous elements

• Oxide reduction must be done without CO2 emissions.

• The complete fuel cycle must be scalable

Figure 1: The possible metal fuel cycle. [1]

One of the metal elements which comply to these constraints is iron. Nowadays, iron powder can
be combusted, leaving iron oxide as product. In order to close the cycle, this iron oxide needs
to be reduced back to iron so it can be used again for combustion. At times when there is an
oversupply, the excess energy can be used for electrolysis to produce H2 which reduces iron oxide,
and therefore storing its energy in the iron. Whenever the grid needs energy, it can be obtained by
burning iron powder. The focus of this work is towards the reduction of combusted iron powder
using H2 as reductor to enable a CO2 free cycle. More specifically, this work investigates the
possibility of numerical modeling of this reduction process using the state-of-the-art modeling tool
ParScale.

The organization of this report is as following: first the theory behind the numerical modeling is
explained, followed by a description of two existing intraparticle models. Additionally, a numerical
verification of the used numerical model has been performed. Finally a Damkohler analyses is done
for single particle reductions, and batch simulations which represent a multi particle reduction.
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2. Numerical Method

The aim is to create a CO2 free cycle, therefore the reduction of iron oxide will be done with
hydrogen, H2. The reduction is a multiphase chemical reaction, and simplistically goes as,

Fe2O3(s) + 3H2(g)→ 2Fe(s) + 3H2O(g). (1)

This reaction will be accommodated by a fluidized bed reactor, which facilitates high mass and
heat transfer between the gas and solid phases and ultimately high reaction rate.

Modeling a multiphase fluidized bed reactor is commonly done using a coupled method of Compu-
tational Fluid Dynamics (CFD) with Discrete Element Method (DEM). CFD solves the volume-
averaged Navier-Stokes equations for gas phase, whereas DEM tracks individual particle and solves
Newton’s 2nd law for their motion. However, in order to describe the reduction reaction, as given
in Equation 1, an additional model is needed to treat the interparticle transport phenomena and
reactions. Thus in this work, the capability of an open-source code ParScale [5] is investigated for
this purpose of intraparticle modeling. The governing equations for the model used in ParScale
are given below.

2.1 Governing Equations

There are two governing equations for the intraparticle model, the thermal energy balance and
the species balance equations. Both equations need to be satisfied in order to derive a diffusion-
reaction model. In this section these equations are discussed.

2.1.1 Thermal Energy Balance

The thermal energy equation presents the conservation of energy in the system. The thermal
transport within a particle is solved with Fourier’s law of thermal conduction. This expression
includes the temperature difference in time, heat diffusion, and a source term which represents
the endothermic or exothermic reaction process. The energy equation is expressed as,

ρcp
∂T

∂t
= −∇ · (−λ∇T ) + q̇, (2)

where t is time, ρ is the density, cp is the heat capacity, T represents the temperature, λ is the
thermal conductivity, and q̇ is a volume-specific source term representing the reaction energy.
When rewriting this equation to include the solid and gas species, it becomes,

∂

∂t

(
NG∑
i=1

εgCg,ihvg,iMWi + ρshvs

)

= −∇ ·

(
NG∑
i=1

ṅg,ihvg,iMWi − λ
∂T

∂r

)
+ q̇,

(3)

with ε the void fraction, C the concentration, hv the specific enthalpy, MW the molecular weight,
and ṅ the molar flux.
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2.1.2 Species Balance

Due to a reaction taking place in the control volume, conversation of chemical species is an
required balance. The conversation of solid species follows as,

∂

∂t
Cs,i = ss,i + ṗs,i. (4)

In here s represents the chemical production rate, and ṗ is the phase change rate.

As the unit of Cs,i is in kmol
m3

tot
, the total solid balance for each number of solid species NS can be

calculated with,

∂

∂t

(
εs

ρ̄s
MWs

)
=

NS∑
i=1

ss,i +

NS∑
i=1

ṗs,i. (5)

The phase fraction of the solid phase is expressed as,

εs = 1− εg. (6)

The gas species balance can be derived in a similar way as the solid species. The gas species can
be calculated by taking the divergence of the molar flux, source terms due to reaction taking place,
and a phase change,

∂

∂t
(εgCg,i) = −∇ · ṅg,i + sg,i + ˙pg,i. (7)

The gas flux ṅg,i includes both diffusive and convective flux, and described as,

ṅg,i = ṅ
[diff]
g,i + ṅ

[conv]
g,i . (8)

With,

ṅ
[diff]
g,i = −De

∂Cg,i
∂r

, (9)

and,

ṅ
[conv]
g,i =

Cg,i
Cg

ṅg. (10)

In here De is the effective diffusion, and r the radius. This property is defined as such due to the
porous behavior of the reduction. Consequently, De is defined by,

De =
D φ

γ
. (11)

D is the diffusivity of the gas, φ represents the porosity of the solid, and γ a structure determined
parameter which is referred as the tortuosity factor.
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To derive the total gas balance, again a sum over all number of gas species NG need to be done
according to,

∂

∂t
(εgCg,i) = −∇ ·

NG∑
i=1

ṅg,i +

NG∑
i=1

sg,i +

NG∑
i=1

˙pg,i. (12)

2.2 Discretization schemes and Boundary Conditions

ParScale solves the above governing equations to predict intraparticle properties (e.g., tempera-
ture, species concentration) as a function of time and space in a spherical particle and a fixed struc-
tured grid. These governing equations need to be discretized. For time discretization, ParScale
uses CVODE. CVODE features a variable step method, a 1 to 5th order backward differences
scheme and has been proven to be a robust methods which is suitable for stiff systems. Moreover,
for spatial discretization ParScale uses the Central Differencing Scheme (CDS), this is a scheme
with a second-order accuracy. The discretization in physical space is represented as,

∂[ ]

∂r
=

[ ](k+1) − [ ](k−1)

2∆r
+O(∆r2), (13)

∂2[ ]

∂r2
=

[ ](k+1) − [ ](k−1) − 2[ ](k)

∆r2
+O(∆r2). (14)

Moreover, boundary conditions need to be set in order to solve the discretized equations. For

the center of the sphere at r = 0 the assumption of symmetry holds, T (k−1) = T (k+1), λ
(k−1)
eff =

λ
(k+1)
eff ,D(k−1)

e = D(k+1)
e , and C

(k−1)
g/l,i = C

(k+1)
g/l,i . Therefore for the heat and species equation, the

boundary condition at the center becomes,

∂Cg/l,i

∂r
= 6

De
εg/l,i

C
(k+1)
g/l,i − C

(k)
g/l,i

∆r2
for k = 0 (15)

∂T

∂r
= 6αeff

T (k+1) − T (k)

∆r2
for k = 0 (16)

A second boundary condition is needed at the surface of the particle. The used boundary condition
at the outer surface is a convective heat transfer or a mass transfer. Therefore, for convective heat
transfer at the surface of the particle is given below,

α ·
(
T (k) − T (enviro)

)
= −λeff

∂T

∂r
. (17)

When CDS is applied and the Biot number is equal to Bi∆r = α∆r
λeff

Equation 17 deduces to,

∂T

∂r
=

2αeff

∆r2

(
−Bi∆r

(
T (k) − T (enviro)

)
+ T (k−1) − T (k)

)
+

αeff

R∆r

(
−2Bi∆r

(
T (k) − T (enviro)

))
.

(18)

Note for mass transport, above equations can be rewritten with applying q̇ = −λeff
∂T
∂r = j̇,

λeff = De, T = Cg/l,i, αeff = De

Cg/l,i
and α = km.
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In this chapter the numerical method is explained, including the governing equations, discretiza-
tion and boundary conditions of the used modeling tool ParScale. Next chapter will be used to
discuss the possible intraparticle reaction models to determine a candidate to use for the numerical
simulations.
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3. Intraparticle Reaction Models

A solid-fluid reaction can be numerical approximated with different types of models. For that
reason it is crucial to understand the reaction behavior of the solid particles of interest and to
choose a model which suits best. In the case of iron oxide reduction by hydrogen gas, the simplest
reaction equation is described as:

aA(fluid) + bS(solid)→ fluid and/or solid products, (19)

the particle size is assumed to be unchanged during the reduction reaction. Moreover, the porosity
changes in time as oxygen reacts and leaves voids in the solid iron. These two assumptions are
proven with scanning electron microscope pictures taken from experiments after combustion Figure
2, and after reduction Figure 3.

Figure 2: Iron oxide after combustion. Figure 3: Iron after H2 reduction.

Depending how the conversion in time behaves throughout the sphere, several assumptions can be
made which could lead to a defined mathematical model. In Figure 4 two different type of reaction
models are visualized. On the left figure, the reaction happens completely throughout the particle
at the same time and an assumption is made that the particle is porous at t = 0 s. Therefore,
once the gas is diffused towards the center, at each time the solid reactant concentration is equal
at each location. This model is often referred as homogeneous reaction model or gain model. For
the right figure, the particle is solid and thus not porous initially. Therefore, the reaction happens
at a surface which shrinks in time until this reaction surface has reached the center. This could
be either limited by gas diffusing inwards, or the reaction kinetics to be the limiting factor. This
model is defined as the shrinking core model.

In general there is a combination of these 2 models happening in reality, as the porosity changes in
time and could be different throughout the particle. However under specific assumptions a model
can be chosen to perform accurate numerical simulations. Especially, when the reduction process
happens in a specific limiting regime. In following paragraphs, both the shrinking core model, as
well as the homogeneous reaction model are discussed in more detail.
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Figure 4: Concentration of solid reactant for different models. [3]

3.1 Shrinking Core Model

The Shrinking Core Model (SCM) is described in this paragraph. One of the main assumptions in
the SCM is that at t = 0 s, the unreacted solid particle is not porous. Due to the densely packed
particle, the reaction happens only at the outer surface as no fluid can move into the solid yet.
Therefore, a reaction surface exists which moves into the particle in time.

In Figure 5 it is seen that the reaction surface moves into the particle in time. As a result, a
division of two zones exist in the particle; a reacted zone, and an unreacted zone. The unreacted
zone is the volume where no fluid is present as the solid is not porous. The reacted zone is also
referred as the ash layer. The ash layer grows in time as the surface reaction decreases in time
towards the center. As the ash layer does not contain the solid reactant anymore, it is a porous
volume where the fluid needs to diffuse through. In conclusion, the ash layer will be formed in
time and moves towards the center of the particle.

Figure 5: Conversion in time for SCM. [3]

Modeling Iron Oxide Reduction using ParScale 7



The shrinking core model for spherical particles with unchanged size was developed by Yagi and
Kunii [7] defining five steps occurring during the reaction.

• 1. Diffusion of gaseous reactant A through the film surrounding the particle of the surface
of the solid

• 2. Penetration and diffusion of A through the ash layer to the surface of the unreacted core

• 3. Reaction of gaseous A with solid at the reaction surface

• 4. Diffusion of gaseous products through the ash layer back to the outer solid surface

• 5. Diffusion of gaseous products though the gas film back into the main body of the fluid

For the studied reaction, steps 4 and 5 are assumed to not contribute significantly to the total
resistance. Additionally, the resistance of each step is a measure of the rate controlling factor for
the complete reaction.

• 1. Diffusion through gas film controls

• 2. Diffusion through ash layer controls = diffusion controlling regime

• 3. Chemical reaction controls = reaction controlling regime

When the boundary condition on the outer surface of the particle is set as a fixed concentration
by the Dirichlet boundary condition, the diffusion through gas film controls regime does not con-
tribute to the complete resistance. For this reason, only two regimes will be discussed in more
detail: the diffusion controlling regime, and the reaction controlling regime.

Whenever the ash diffusion resistance is controlling, the conversion in time for the particle is
illustrated in Figure 6. Under the assumption of a steady-state reaction, there exist a balance
between the amount of gaseous flux to the exterior and reaction surface of any radius r.

Figure 6: Particle conversion for ash diffusion controlling regime. [3]
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To derive the timescale on which this diffusion through the ash layer is operating, the balance of
species fluxes through a surface of the sphere are given in equation below.

− dNA
dt

= 4πr2QA = 4πR2QAs = 4πr2
cQAc = constant, (20)

where,

QA = De
dCA
dr

. (21)

Combining Equation 20 and 21 the following can be obtained,

− dNA
dt

= 4πr2De
dCA
dr

= constant. (22)

When integrating Equation 22 over the R to rc ash layer, it becomes,

− dNA
dt

∫ rc

R

dr

r2
= 4πr2De

∫ CAc=0

CAg−CAs

dCA. (23)

Which is equal to,

− dNA
dt

(
1

rc
− 1

R

)
= 4πDeCA. (24)

This expression holds for a reacting particle when the ash diffusion is limiting at any time. How-
ever, the size of the unreacted core changes in time and for any given size dNA

dt is constant. As the
amount of moles fluid react away in relation to the amount of moles solid in the spherical volume,
a balance can be expressed.

− dNS = −bdNA = −CSdV = −CSd
(

4

3
πr3
c

)
= −4πCSr

2
cdrc (25)

When using the relationship between dNA and rc given in Equation 25, an integral balance from
rc to R in time becomes,

− aCS
∫ rc

rc=R

(
1

rc
− 1

R

)
r2
cdrc = bDeCA

∫ t

0

dt, (26)

equals,

t =
aCSR

2

6bDeCA

[
1− 3

(rc
R

)2

+ 2
(rc
R

)3
]
. (27)

When the particle has been converted fully, the unreacted core rc is zero. Therefore, the timescale
for a diffusion controlled regime when applying the shrinking core model is

τd =
a · CS ·R2

6 · b · De · CA
. (28)
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Another controlling regime to discuss is the reaction controlling regime. For this case, there is
sufficient fluid present to react with the solid. However, due to the reaction kinetics, the reaction
itself goes significantly slower than the diffusion of the fluid into and to the particle.

In Figure 7 the gas-phase reactant throughout the particle is seen. As the diffusion is significantly
quicker than the reaction itself, there is a constant concentration CA present in the gas film and
ash layer. Hence, a surface reaction is taking place at the unreacted core surface rc. Note that
this only holds when the assumption of a non-porous unreacted solid particle is made.

Figure 7: Gas concentration for reaction limited SCM. [3]

As the chemical reaction is driven by the amount of concentration of gas CA present, the following
balance can be obtained,

− 1

4πr2
c

dNS
dt

= − b

4πr2
c

dNA
dt

= bksCA. (29)

When rewriting NS with the relationship in Equation 25,

− 1

4πr2
c

CS4πr2
c

drc
dt

= −CS
drc
dt

= bksCA. (30)

When integrating,

− CS
∫ rc

R

drc = bksCA

∫ t

0

dt, (31)

resulting in,

t =
CS

bksCA
(R− rc) . (32)
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The time required to fully convert the solid particle in the reaction controlling regime is thus,

τr =
CS ·R

b · ks · CA
. (33)

3.2 Homogeneous Reaction Model

A solid-fluid reaction can follow the homogeneous reaction model. In this model the assumption
is made to have a porous solid particle. The porosity is assumed to be high enough to let the
fluid phase homogeneously flow through the solid particle. Therefore, the effective diffusivity is
considered constant during the reaction. As a result, the reaction takes place throughout the
complete particle at the start of the reaction.

Figure 8: Conversion in time for homogeneous model. [3]

When considering a homogeneous reaction model for a diffusion limited case, it follows the same
derivation and diffusion timescale as the shrinking core model as seen in Equation 28. The reason
for this is when the reaction kinetics are overpowering the diffusion, the reaction will only take
place at the surface. Meaning, once a fluid particle arrives at the solid it immediately reacts away.

On the other hand, when the reaction kinetics are the limiting factor, there is a difference between
both models. Reason for the different reaction kinetics is due to the shrinking core model being
defined as a surface reaction, and the homogeneous model being defined as a volumetric reaction.

Again the amount of moles solid NS reacting away in the spherical volume is driven by the
volumetric reaction kinetics driven by the amount of fluid concentration CA present,

− 1
4
3πR

3

dNS
dt

= − b
4
3πR

3

dNA
dt

= bkvCA. (34)

− 1
4
3πR

3
CS

4

3
πR3 dR

dt
= −CS

dR

dt
= bkvCA. (35)
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When integrating,

− CS
∫ 0

1

dR = bkvCA

∫ t

0

dt, (36)

resulting in,

τr =
CS

b · kv · CA
. (37)

Note the difference between the shrinking core model reaction timescale given in Equation 33, and
above Equation 37. For the shrinking core reaction model a surface reaction ks is defined and in
addition, the radius plays a factor in the timescale. The reaction timescale of the shrinking core
model is directly linked towards the radius of the particle.

Two intraparticle reaction models have been discussed. In the diffusion limiting regime, the
timescale for reaching complete conversion does not differ between both models. Whereas for the
reacting limiting regime they do differ. As the assumption is taken that the particles are porous
enough at t = 0 s for the iron oxide samples used in experiments, the homogeneous model has
been chosen to perform the numerical analysis. Since the homogeneous model is explained, in
following chapter, a thermal and reduction verification are presented with this model applied.
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4. Numerical Verification

In this chapter, the verification of the numerical simulations will be shown. The numerical simula-
tions are being compared to analytical solutions. Firstly the thermal behavior inside the particle is
verified for transient heat conduction. Afterwards, a reduction verification is presented. For both
cases the assumption of axisymmetry of the sphere holds. Therefore, the equations are reduced to
one dimension.

4.1 Thermal Verification

As thermal behavior in a reaction process can be a key factor, a thermal verification is performed.
Significant temperature changes can lead to change in kinetic parameters which on their turn
impact the overall reduction process.

For this thermal verification, the analytical derivation is given as presented by Recktenwald [4].
We investigate the temperature change in time of a sphere by a surrounding fluid. The sphere is
being immersed in a fluid at time is equal to zero. Additionally, the sphere is an uniform material
and initially holds a uniform temperature Ti. The moving fluid is at another temperature T∞.
The surface of the sphere Ts exchanges temperature with the fluid by means of convection, defined
with the heat transfer coefficient h. Therefore, the temperature inside the sphere depends on the
radius r and the time t. This situation is depicted in Figure 9.

Figure 9: Exchanging temperature sphere with immersed fluid. [4]

For spherical coordinates, the temperature field in the sphere is governed by,

∂T

∂t
=

α

r2

∂

∂r

(
r2 ∂T

∂r

)
(38)

in which α = λ/(ρcp) is the thermal diffusivity.

The boundary condition on the surface is a balance between the conduction and the convection
given by,

λ
∂T

∂r

∣∣∣
r=r0

= h (T∞ − Ts) . (39)
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Moreover, at time is zero, the initial condition is,

T (r, 0) = Ti (40)

For the analytical solution can be obtained with the dimensionless variables defined as,

θ∗ =
T − T∞
T i − T∞

, r∗ =
r

R
, Fo =

αt

R2
. (41)

The dimensionless boundary condition follows as,

∂θ∗

∂r∗

∣∣∣
r∗=1

= Biθ∗s , (42)

with the Biot number Bi and θ∗s equal to,

Bi =
hR

λ
, θ∗s =

Ts − T∞
Ti − T∞

. (43)

For this transient heat conduction model, the analytical solution is an infinite series

θ∗ =

∞∑
n=1

Cnexp
(
−ζ2

nFo
) 1

ζnr∗
sin (ζnr

∗) (44)

where

Cn =
4 [sin (ζn)− ζncos (ζn)]

2ζn − sin (2ζn)
, (45)

and ζn are the positive roots of,
1− ζncot (ζn) = Bi. (46)

Above analytical expressions are used to verify the temperature in time throughout the particle
radius computed by ParScale. Table 1 contains the simulation settings used for the thermal
verification. These parameters are based on the reduction process of interest in this work. Meaning,
the solid represent hematite and the fluid chosen is hydrogen.

Table 1: Parameters used for thermal verification simulations.

Parameter Value Unit
R 2e−5 [m]
λg 0.1805 [W/mK]
λs 0.125 [W/mK]
cpg 28.836 [J/molK]
cps 103.9 [J/molK]
ρg 0.08988 [Kg/m3]
ρs 5250 [Kg/m3]
h 100 [W/m2K]
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Figure 10 shows the thermal behavior for this case. The initial particle temperature is 800 K
while the surrounding fluid is 600 K. It is verified that the simulation results from ParScale are
in accordance with the analytical approximations. Moreover, the temperature is uniform over the
radius of the particle in time. For this case Bi = 0.016, and therefore smaller than 1 which already
indicates a low resistance to transmitting conduction, resulting in very low temperature gradients
within the particle. As in this report the focus is on the particle reduction and the kinetics that
define this process, the assumption of isothermal reaction is taken. Note that this only holds for
the reaction process of interest, which is iron oxide reduction with hydrogen.

Figure 10: Temperature verification ParScale vs. analyti-
cal solution.
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4.2 Reduction Verification

Another mechanism which is taking place during the reduction process is diffusion. Due to the
moving fluid a reaction will be induced as the concentration of the fluid increases over time inside
the particle. Therefore, this mechanism needs to be understood and verified in order to continue
with any other ParScale numerical simulations.

A species balance for a fluid reactant A, and a solid reactant S for a porous spherical particle
under pseudo-steady-state approximation goes as [6],

0 = De
(
∂2CA
∂r2

+
2

r

∂CA
∂r

)
− akvCSCA (47)

∂CS
∂t

= −kv · CS · CA (48)

Boundary Conditions:


De

∂CA

∂r
= kmA

(CA0
− CA) at r = R

∂CA

∂r
= 0 at r = 0

CS = CS0
at t = 0

Equation 47 represents a balance between the effective diffusion throughout the spherical particle
and the reaction taking place which is driven by the concentrations. In addition, Equation 48 is
the amount of solid concentration reduced in time due to the reaction. The boundary conditions
imply a diffusion/convection balance at the surface of the sphere and no fluid concentration flux
at the center as the assumption of symmetry holds. Note that the reaction is considered to be
first order with respect to the fluid reactant A and independent of the solid reactant B.

The concentration profile of component A can be approximated by following analytical expression,

CA
CA0

=
1

θvc

sinh(φvξ)

ξ sinh(φv)
. (49)

With,

ξ =
r

R
, (50)

φv = R

√
akvCS0

De
, (51)

θvc = 1 +
1

Nsh
(φv cothφv − 1), (52)

Nsh =
kmA

R

De
. (53)

Furthermore, the profile of the solid concentration can be obtained with,
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CS
CS0

= 1− θv
θvc

sinh(φvξ)

ξ sinh(φv)
, (54)

for which the dimensionless reaction time θv is given by,

θv = kvCA0t. (55)

The fractional solid conversion XS is determined with,

XS =
3

φ2
v

(φv cothφv − 1)
θv
θvc

. (56)

For the ParScale simulations input parameters need to be defined and converted to a fractional
conversion X as well. In order to e able to calculate the fractional conversion, the rate of reaction
for the solid component rS in [molm3s ] needs to be defined,

rS = b · kv · CnA · Cm−1
S . (57)

Equation 57 expresses the amount of solid reduced when reacting with 1 mole of fluid. The higher
the stoichiometric coefficient b, the more solid has been converted in the same time span. With
this expression a reaction timescale τr in [s] can be determined according to,

1

τr
=

rS
CS

= b · kv · CnA · Cm−1
S . (58)

The assumption is made that the reaction is first order dependend on the fluid concentration
n = 1, and independent of the solid concentration m = 0. Time until full conversion equals,

τr =
CS

b · kv · CA
. (59)

Note that this expression is equal to Equation 37, since the timescales are both derivated for a
homogeneous reaction model.

In a diffusion controlled regime, it is hard to distinguish the shrinking core model from the homo-
geneous model. Independent of the initial porosity of the particle, there will be no reaction taking
place when there is no fluid concentration present. As it takes time for the fluid to arrive at the
particle, the reaction can be assumped to follow the shrinking core model principles. Thus the
diffusion timescale for a shrinking core model has been used as described in precious chapter [3],

τd =
a ·R2 · CS

6 · b · De · CA
. (60)
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Three different cases have been studied to verify the reduction in time with the homogeneous ana-
lytical approximation, a reaction controlled case, a mixed controlled case and a diffusion controlled
case. The parameters used in each simulation is given in table below.

Table 2: Parameters used for verification of simulations and resulting timescales.

Parameter Unit Reaction controlled Mixed Diffusion controlled
R [m] 5e−4 5e−4 5e−4

φ [−] 0.5 0.5 0.5
CS [kmol/m3] 14.1 14.1 14.1
CA [kmol/m3] 2.12e−3 2.12e−3 2.12e−3

D [m2/s] 0.5e−2 0.15e−3 0.5e−4

kv [1/s] 2e3 3e3 2e4

τr [s] 3.3255 1.3856 0.3326
τd [s] 0.0554 1.6627 5.5425

The controlling regime for each case can be seen back in the timescales, τr and τd. Whenever
one of these two parameters is significantly larger and thus that process is taking the longest, it
is assumed to be the controlling process. In similar way, when both values are almost equal to
each other, the reaction and diffusion processes are equally present, which is referred to a mixed
controlling case.

For the ParScale simulations, the amount of solid reduction has been calculated according to,

XS = 1− CS
CS0

. (61)

With above input, the results for the three cases are presented below.

Figure 11: Reduction verification ParScale vs.
analytical solution for a reaction controlling
regime.
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Figure 12: Reduction verification ParScale vs.
analytical solution for a mixed regime.

Figure 13: Reduction verification ParScale vs.
analytical solution for a diffusion controlling
regime.

All three cases are verified with the analytical homogeneous model towards the ParScale sim-
ulations. Figures 11, 12, and 13 visualize the same trend in time compared to the analytical
approximation. Moreover, the diffusion timescale τd and the reaction timescale τr are validated
since when the total simulation time is equal to the sum of both timescales 100% conversion is
reached. The sum of both timescales is taken as both diffusion and reaction are taking place at
the same time and therefore need to be added up. For a diffusion limited case, the contribution
of the diffusion timescale will be the main contributing factor, while for a mixed regime both are
in equal order present.

With the understanding of the timescales for reaction and diffusion in different regimes present in
the homogeneous model for iron oxide reduction, a Damkohler analyses is done in next chapter.
In addition, multi particle simulations are done which are referred as batch simulations.
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5. Results

In this chapter the results of the Damkohler analysis and batch simulations are presented. For
the Damkohler analyses single particle simulations are performed to investigate the influence of
the Damkohler number on the reaction behavior. This knowledge is than used for multi particle
simulations, which are referred as batch simulations. These batch simulations are representing
experiments with a particle distribution. As a batch of particles with different radii are reacting
with the surrounding fluid, it is of importance to understand the impact of the radii distribution on
the reaction behavior. Moreover, the reduction behavior in time is a measure for the characteristic
kinetic parameters of the reaction.

5.1 Damkohler Analyses

The Damkohler number Da is an important dimensionless number for reaction processes, as it
describes the controlling regime and therefore the reaction behavior in time. The Damkohler
number is a fraction of the diffusion timescale in Equation 60 over the reaction timescale as given
in Equation 59.

Da =
τd
τr

(62)

=
a ·R2 · CS

6 · b · De · CA
· b · kv · CA

CS
(63)

=
a ·R2 · kv

6 · De
(64)

Note these timescales hold for the homogeneous model. The Damkohler number is for this reason
used in this work to characterize the controlling regime and studied to determine the influence of
this parameter on complete conversion in time. Especially when Da = 1 the reaction happens in a
mixed regime where both mechanisms, diffusion and reaction, are happening at the same timescale.

A set of 5 single particle simulations have been defined. These are defined to be isothermal and
modeled with the homogeneous model. Whenever the reaction is the controlling regime, Da < 1.
When the diffusion is limiting the reduction, Da > 1. This can also be seen back in the definition
of the Damkohler number in Equation 64.

In Table 3 the used parameters for each case are given, resulting in different Damkohler numbers.

Table 3: Parameters used for Damkohler analysis and resulting timescales.

Parameter Unit Reaction controlled Reaction controlled Mixed Diffusion controlled Diffusion controlled
R [m] 5e−4 5e−4 5e−4 5e−4 5e−4

φ [−] 0.5 0.5 0.5 0.5 0.5
CS [kmol/m3] 16.438 16.438 16.438 16.438 16.438
CA [kmol/m3] 5.7e−3 5.7e−3 5.7e−3 5.7e−3 5.7e−3

D [m2/s] 0.1e−1 0.5e−2 0.75e−3 1.0e−3 0.5e−4

kv [1/s] 4e2 2e3 3e3 4e4 2e4

τr [s] 7.2096 1.4419 0.9613 0.0721 0.1442
τd [s] 0.0721 0.1442 0.9613 0.7210 14.4193
Da [−] 0.01 0.1 1 10 100
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In Figure 14 the conversion in time for different Damkohler numbers is presented. For a reaction
limited regime, Da = 0.1 and Da = 0.01, a clear linear relation is seen. This is as expected since
the reaction is first order dependent on the fluid concentration CA. While for higher Damkohler
numbers, the conversion in time is non-linear. An interesting finding is when Da = 1 and Da > 1,
the conversion in time starts of linear but after certain amount of time, it becomes non-linear. The
point of non-linear conversion is quicker reached the higher the Damkohler number, and therefore
is more diffusion limited.

Figure 14: Conversion in time for different Damkohler numbers.

In our research group, several thermogravimetry analysis (TGA) experiments of reduction of
combusted iron powder have been done and a kinetic parameter fit has been performed. In order
to validate the model with experiments, inputs from three experiments are used for simulations.
The physical and kinetic parameters from these three experiments are given in Table 4, which all
indicate a mixed regime represented by Da around 1.

Table 4: Experimental Parameter fit values used for mixed regime analysis and resulting timescales.

Parameter Unit Mixed Mixed Mixed
R [m] 4e−6 4e−6 4e−6

CS [kmol/m3] 37.322 37.322 37.322
CA [kmol/m3] 7.8831e−3 15.7662e−3 3.9416e−3

De [m2/s] 3.08e−11 4.11e−11 1.597e−11

kv [1/s] 9.27 12.504 8.2506
τr [s] 1.5308e3 567.9 3.443e3

τd [s] 1.2287e3 387.52 4.744e3

Da [−] 0.80 0.68 1.38
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The conversion in time of these cases are visualized in Figure 15. The reduction in time follows
again a mixed regime, since initially the reduction goes linear but after an amount of time, diffusion
inwards the particle takes more time and therefore the reduction bends off towards a non-linear
relationship. Moreover, the reduction for Da = 0.68 and Da = 0.80 does not show a clear
distinction. Concluding that the Damkohler number is not sensitive at an order of 0.1.

Figure 15: Conversion in time for mixed regime.

The hydrogen concentration in time throughout the particle is found in Figures 18 and 19. Initially
the hydrogen concentration is 100% at the outer radius and diffuses inwards. Once t reaches τr+τd
hydrogen is for 100% present in the complete radius. The difference between both cases is the point
where the reduction and therefore diffusion becomes non-linear. For Da = 1.38 the moment the
diffusion becomes more limiting is earlier than for Da = 0.80. This is also expected, as Da = 1.38
is more diffusion limited.

Figure 16: Hydrogen concentration profile
during reduction for Da=0.80.

Figure 17: Hydrogen concentration profile
during reduction for Da=1.38.
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The hematite concentration in time follows analog to the hydrogen concentration in time and is
presented in Figures 18 and 19

Figure 18: Hematite concentration profile
during reduction for Da=0.80.

Figure 19: Hematite concentration profile
during reduction for Da=1.38.

5.2 Batch Simulations

As introduced earlier, after successful modeling of reduction of single iron oxide particle, batch
simulations (with a normal distribution of particle sizes) are performed. The question we would
like to answer by work in this section is; how well do single particle numerical simulations represent
experiments where batches of particles are reduced. As seen in previous paragraph, the radius of a
particle has a significant impact in the Damkohler number and therefore the reduction may end up
at different reaction regime. One could take the average radius size of the batch and approximate
the batch reduction with a single particle reduction. If this is a valid approach, is discussed next.

For multi particle simulations with different radii, the total conversion of the batch is derivated
in next equations.

Xtot = 1−
∑
mi∑
mi0

(65)

= 1−
∑

((1−Xi) ·mi0)∑
mi0

(66)

=

∑
mi0 −

∑
(mi0 −mi0 ·Xi)∑
mi0

(67)

=

∑
(mi0 ·Xi)∑

mi0

(68)

When using Equation 69 and 70 the total batch conversion becomes,

mi = ρ · 4

3
πR3

i (69)

Xi = 1− mi

mi0

(70)

Xtot =

∑
(R3

i ·Xi)∑
R3
i

(71)
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In order to simulate these multi particles simulations, the batch needs to be defined. Each batch
contains particle sizes which are assumed to be normally distributed. A sample size of 100 samples
is taken with an average radius of 2e−5 m and three different standard deviations (sd); 1e−6 m,
3e−6 m, and 5e−6 m. The radius distributions used for each batch simulation is given in Figures
20-22. Looking at the outer limits of the Damkohler number present in each batch, the greater
the standard deviation of the samples, the greater the limits become of these Damkohler numbers.

Figure 20: Distribution for batch simulation with sd = 1e−6.

Figure 21: Distribution for batch simulation with sd = 3e−6.
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Figure 22: Distribution for batch simulation with sd = 5e−6.

The used parameters for these simulations are given in Table 5. In order to save computational
time, the kinetic parameters are as such that the timescales are relatively low. However, the radius
in combination with the corresponding Damkohler number is of interest in these simulations.

Table 5: Parameters used for mixed regime batch simulations.

Parameter Unit Mixed
R [m] 2e−5

CS [kmol/m3] 16.438
CA [kmol/m3] 5.7e−3

De [m2/s] 0.14e−4

kv [1/s] 6e4

τr [s] 0.0481
τd [s] 0.0481
Da [−] 1
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Figure 23 contains the results of defined batches and a single particle simulation with a radius of
2e−5 m. For the smallest standard deviation sd = 1e−6 there is hardly no difference between the
single particle simulation. For all shown cases, roughly half of the conversion is in the reaction
limiting regime and no difference in conversion is seen. Since the radius does not influence the reac-
tion timescale τr, this is as expected. However, with increasing standard deviation, the difference
with a single particle reaction becomes significant in the diffusion limiting part of the reaction.
The diffusion timescale τd is directly determined by the radius. Concluding that for batches with
a larger standard deviation, the kinematic parameters can not be fitted on an average particle
radius.

Figure 23: Conversion in time comparison between single particle and
batch of 100 normally distributed particles with both the same average
radius.
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6. Conclusions and Recommendations

The goal of this work was to determine if the modeling tool ParScale is suitable to numerically
model iron oxide reduction. To answer this question, several topics have been investigated.

The numerical method used in ParScale can describe a fluid-solid reaction, which in this case is the
iron oxide reduction with hydrogen. For this application, two intraparticle models were discussed;
the shrinking core model, and the homogeneous model. During the reaction the porosity changes
in time throughout the particle, however both models do not take a variable porosity into account.
In the diffusion limiting regime, both models are behaving the same and no difference can be seen.
In a reaction limiting regime, there is a significant difference as the models have a different reaction
rate; surface reaction for the shrinking core model, and a volumetric reaction for the homogeneous
model. As the assumption is taken that the combusted iron oxide particles are initially porous,
the homogeneous model is chosen to numerically model the reaction.

A numerical verification of the ParScale model and corresponding timescales is done. The thermal
verification shows that the temperature of the surroundings influences the temperature in the
particle. An analytical model is given and compared towards the numerical ParScale model. In
both models, the temperature profile in the particle matches and is uniform over the radius, which
is expected because of Bi < 1. A small Biot number indicates a low resistance to transmitting
conduction and therefore very small temperature gradients within the particle. Due to the uniform
temperature profile in the particle, the assumption is taken that for this application the reaction
can be modeled isotherm. In addition, a reduction verification is done with a presented analytical
solution for the homogeneous model. In here the analytical solution matches with the numerical
results from ParScale in three different regimes; diffusion limited, reaction limited, and mixed.
Moreover, the timescales are derived and verified with these simulations. Hence, with the use of
these timescales, the time a particle needs until fully converted can be calculated.

The Damkohler number is an important measure for fluid-solid reactions as is represents the ratio
between the diffusion and reaction mechanisms. For Da � 1 the diffusion is controlling the
reduction reaction and shows a non-linear behavior in time. Whereas for Da� 1 the reaction is
controlling the iron oxide reduction, with a linear conversion in time. For Da ≈ 1 both mechanisms
are equally present and therefore the reduction reaction is initially linear, but eventually the fluid
needs to diffuse more into the center of the particle and a non-linear reduction behavior is present.

Batch simulations with a sample size of 100 particles with different radii are compared with a single
particle reduction. The batches are normally distributed and three different standard deviations
are used. For a reaction limiting iron oxide reduction, these different radii do not influence the
overall conversion of the particles. However, for diffusion limiting iron oxide reduction there is
an influence seen on the overall conversion when comparing to a single particle reduction with
the same average radius, especially for higher standard deviations. In conclusion, for reduction
reactions in the mixed and diffusion limiting regime, the kinetic parameters can not be fitted on
an average batch radius.

As this work is finalized, more research is needed in order to get a better understanding of the
reduction process. Firstly, the assumption is made that the combusted iron oxide particles are
assumed to be porous. However, the exact initial porosity needed in order to choose the ho-
mogeneous model is still unclear. Moreover, the batch simulations are assumed to be normally
distributed but a Weibull distribution is much more common for particle distributions. I also
recommend to perform a batch simulation comparison with a larger sample size, as the size of
100 does not represent an existing sample size used in experiments. Afterwards, this numerical
ParScale model can be coupled to CFD-DEM to simulate a fluidised bed.
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