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A B S T R A C T

The main production route for steel in Europe is still via the blast furnace. Computational fluid dynamics
(CFD) can be used to analyze the process virtually and thus improve its performance. Different reducing
agents can be used to (partially) substitute the coke and consequently reduce overall emissions. To analyze
different reducing agents effectively using CFD, their conversion process has to be modeled accurately. Under
certain conditions, coal particles can cluster as the result of turbulence effects, which further reduces the mass
transfer to the coal surface and consequently the conversion rate. We analyze the effect of turbulence under
blast furnace raceway conditions on the conversion of coal particles and on the overall burnout. The model
is applied in RANS to polydisperse particle systems and this is then compared to the simplified monodisperse
assumption. Additionally, the model is extended by adding gasification reactions. Overall, we find that the
turbulent effects on coal conversion are significant under blast furnace raceway conditions and should be
considered in further simulations. Furthermore, we show that an a-priori assessment is difficult because the
analysis via averaged quantities is impractical due to a strong variation of conditions in the furnace. Therefore,
the effects of turbulence need to be correlated to the regions of conversion.
1. Introduction

Blast furnaces together with basic oxygen furnaces account for
around 60% of current steel production in Europe [1]. Due to its very
large energy consumption and high CO2 emissions, the process is sub-
ject to ongoing improvements. Computational fluid dynamics (CFD) can
help to better understand the process and obtain detailed information
about the process conditions inside the blast furnace. Reducing agents
can be supplied in the blast furnace raceway zone to reduce coke
consumption [2,3]. Fig. 1 shows a schematic blast furnace with its in-
and outflows and the raceway zone highlighted. The raceway is the
cavity formed in the vicinity of the tuyere.

A commonly used reducing agent is pulverized coal. Pulverized
coal particles have high heating rates, a short residence time in the
raceway zone, and can withstand highly turbulent conditions. Because
the experimental reconstruction of the raceway conditions is difficult
[4], CFD can be used to test the conversion of different coals in the
raceway zone virtually. Shen and Yu [5], Liu and Shen [6] and Liu et al.
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[7] presented studies modeling the coal as Lagrangian particles in the
raceway zone. To gain useful insight in blast furnace operation through
CFD, suitable models covering the essential effects of conversion need
to be applied.

Many approaches to model the turbulent effects on homogeneous
reactions, for example combustion reactions [8], exist. They can be
applied to model the homogeneous reactions in the blast furnace and
have been reviewed by Tabet and Gökalp [9]. On the contrary, the work
on turbulent effects on heterogeneous reactions is relatively sparse.
Some of the first attempts to study those effects have been made
by Krüger et al. [10] and Haugen et al. [11]. In direct numerical simu-
lations (DNSs) they showed that turbulence can significantly influence
the mass transport to small particles and consequently reduce their
conversion rate. They published a correction factor to model this effect
based on the turbulent flow conditions. Later on, the work has been
extended to polydisperse particle systems by Karchniwy et al. [12] and
first unresolved simulation studies for industrial scale applications have
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Nomenclature

Acronyms

CFD Computational Fluid Dynamics
DNS Direct Numerical Simulation
EDC Eddy Dissipation Concept
HCV Higher calorific heating value
RANS Reynolds Averaged Navier–Stokes

Greek symbols

𝛼 mass transfer rate
�̃� correction factor
𝛽 mass transfer rate
𝛿 phase fraction
𝜖 turbulent dissipation rate, m2 s−3

𝜂 effectiveness factor
𝜈 viscosity, m2 s−1

𝜔 porosity
𝜙 CO/CO2 split factor
𝛷 Thiele modulus
𝜌 density, kg m−3

𝜏 time scale, s
𝜉 tortuosity

Roman symbols

𝐴1∕2 parameters in the cluster model
𝐴 surface area, m2

𝐴𝑔 specific internal surface area, m2 kg−1

𝑎1∕2 factor in devolatilization model
𝐴𝑟,1∕2 pre-exponential factor
𝐴𝑠𝑟 parameter for the CO/CO2 ratio
𝐶 diffusion constant
𝑐 concentration, kmol m−3

𝑐𝑝 specific heat capacity, J kg−1 K−1

𝐷𝑎 Damköhler number
𝐷 Diffusion coefficient, m2 s−1

𝑑 diameter, m
𝑑𝑝,1 average diameter on number basis, m
𝑑𝑝,3 average diameter on mass basis, m
𝐸𝑎∕1∕2 activation energy
e emissivity
f scattering factor
𝐻 Latent heat, J kg−1

h retention coefficient
𝐼 (�̃�) Index as a function of �̃�
𝑘 turbulent kinetic energy, m2 s−2

𝑘dif f diffusional rate
𝑘kin kinetic rate
𝑘L∕𝜂 wave number, m−1

𝐿 length, m

been presented by Karchniwy et al. [13]. Therefore, the question arises
whether the conditions in the raceway are such, that the influence
of turbulent clustering should be taken into account when modeling
reducing agent conversion. Providing insight on these objectives is the
main focus of this paper.

To ground the ensuing discussion, the necessary models to describe
the thermochemical conversion process of Lagrangian particles in the
2

𝑚 mass, kg
n parameter in Rosin-Rammler dist.
𝑛𝑝 particle number density
𝑜 number of particles
𝑝 pressure, Pa
𝑅𝑒 Reynolds number
𝑅 ideal gas constant, J mol−1 K−1

𝑅𝑅 (�̃�) cumulative conversion rate
𝑆𝑐 Schmidt number
𝑆ℎ Sherwood number
𝑆𝑡 Stokes number
𝑇 temperature, K
𝑡 time, s
𝑇𝐴 𝐸𝑎∕𝑅, K
𝑇𝑠𝑟 parameter for the CO/CO2 ratio
𝑢 velocity, m s−1

𝑣 stoichiometric coefficient
𝑊 molecular weight, kg kmol−1

𝑌 mass fraction

Sub- & superscripts

0 initial condition/at time 0
b bulk
chem chemical
cl cluster
daf dry ash free
devol devolatilization
eff effective
f fluid
gas gaseous/molecular
g gas
hom homogeneous
i iteration index (e.g. species)
Kn Knudsen
L integral
pore pore
p particles
q quiescent
rel relative
s surface
t turbulent
vol volatiles

blast furnace are introduced. This is followed by a recap of the cor-
relation for the turbulent effects on the conversion by Krüger et al.
[10] and Haugen et al. [11]. To obtain a better understanding of the
effects, their influence is illustrated in the theoretical considerations in
Section 2. We first studied the effect of the clustering in an injection rig.
The particle diameter size was varied and, additionally, the importance
of the gasification reactions were also investigated. Following this, the
turbulent clustering effect was studied in a model of a real blast fur-
nace, reported on in Section 3. Finally, in Section 4, we summarize our
results and present concluding remarks on the importance of clustering
for the coal conversion under blast furnace conditions.

2. Models and implementation

We used a finite volume approach to simulate the flow and the
combustion in the domain of interest. The software OpenFOAM [14]
– version 9 – was used as a basis, adding the necessary gasification and
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Fig. 1. Schematic description of the blast furnace with in- and outflows marked
by arrows. Raceway zone is marked by dashed rectangle, two raceway cavities by
dashdotted lines and tuyere position by dashed arrow.

devolatilization models and the model for the influence of turbulence
on the mass transfer to the particles. The model details are discussed in
the following and the code amendments for the clustering model can
be found in [15].

2.1. Gas phase

Industrial processes, such as the blast furnace, are usually large in
size. Therefore, the spatial resolution used in CFD is limited and the tur-
bulence scales are not resolved on the numerical mesh. In this study, we
used a Reynolds Averaged Navier–Stokes Equation (RANS)-approach
to model the fluid flow in the domain of interest. A two-equation
turbulence model was chosen — the k-𝜖 model [16,17], which is widely
applied in blast furnace simulations [9].

The gaseous phase is a multi-component mixture, which reacts
with the solid particles. The volatile components are released from the
solid combustion in the gas phase. The turbulent combustion process
needs to be modeled by a turbulence–chemistry interaction model. We
used the Eddy Dissipation Concept (EDC) from Magnussen [18], with
the simplification of treating the fine structures as plug flow reactors
(PFR) instead of partially stirred reactors (PSR) due to its reduced
computational cost. The implications of this modeling choice have been
thoroughly discussed by Ertesvåg [19] and Bösenhofer et al. [20].

To model the radiation, the P1-radiation model [21] was used. This
has proven appropriate for flame simulations in conjunction with the
EDC [22] and has been used for coal combustion e.g. by Tufano et al.
[23]. Therefore, and because it is currently the only radiation model in
OpenFOAM that can account for scattering of the Lagrangian particles,
this model was chosen.

2.2. Solid particles

The combustible particles were treated as Lagrangian particles –
modeled according to Newton’s laws of motion. The interaction be-
tween the solid and gas phase was modeled by a drag model for
3

the momentum (spherical drag model) and a heat transfer model
[24,25] for the energy. The species and momentum equations were
coupled through the source terms from the thermo-chemical conver-
sion. The particle–particle interactions were not modeled, this means
that the two-way modeling approach according to Elghobashi [26]
was used. This is appropriate, since the solid phase volume frac-
tion barely exceeds 10−3. For denser particle flows four-way coupling
needs to be considered. This could for example be done by using the
multiphase-parcel-in-cell (MPPIC) approach, as presented by Tavakkol
et al. [27].

When large numbers of particles need to be modeled it is not
possible to track every single particle because of the increasing com-
putational effort. Then, a group of particles with the same features
can be lumped to a parcel. It is these parcels that are tracked in the
simulation [28]. In the presented work the particles were grouped to
parcels of equivalent mass.

The coal conversion was treated as a consecutive process consisting
of: drying of the moist coal (vaporization of water), devolatilization,
and char conversion. The modeling details of each conversion step are
described in the following subsections.

2.2.1. Drying
The drying process of the coal was modeled according to:

𝑑𝑚H2O

𝑑𝑡
= Sh

𝐷H2O

𝑑𝑝
(𝑐H2O,s − 𝑐H2O,𝑏)𝜋𝑑

2
𝑝𝑊H2O (1)

where the Sherwood correlation according to Eq. (9) was used — with
the standard relative velocity 𝑢𝑟𝑒𝑙 for the particle Reynolds number,
Eq (11). 𝐷H2O is the diffusion coefficient for water, 𝑑𝑝 the parti-
cle diameter, 𝑊H2O the molecular weight of water, and 𝑐H2O,s and
𝑐H2O,𝑏 the vapor concentration at the surface and in the bulk, respec-
tively, calculated by the ideal gas law at film temperature. The binary
diffusion coefficient was calculated based on the Chapman–Cowling
formula [29]. For the calculation of the concentrations 𝑐H2O,s and 𝑐H2O,𝑏
the saturation pressure and bulk pressure, and the mass fraction at the
surface and in the bulk were used.

2.2.2. Devolatilization
A two-step kinetic model was used to model the devolatilization

process above a temperature of 400 K. In this model, the release rate
of volatiles for a given particle is given by:
𝑑𝑚vol
𝑑𝑡

=
[

𝑎1𝐴𝑟,1 exp
𝐸1
𝑅𝑇

+ 𝑎2𝐴𝑟,2 exp
𝐸2
𝑅𝑇

]

𝑚vol,0 (2)

where 𝑚𝑣𝑜𝑙,0 is the initial volatile content of the particle, and 𝐴𝑟,1, 𝐴𝑟,2,
𝐸1, 𝐸2 are the kinetic parameters taken from Shen et al. [30], see
Table A.3. Shen et al. [30] compared different devolatilization models
for coal combustion under blast furnace conditions and concluded that
this two competing step model is sufficiently accurate. The parameters
𝛼1 and 𝛼2 were calculated based on the volatiles content:

𝑎1 = 𝑌vol,daf 𝑎2 = 1.25𝑎21 + 0.92𝑎1. (3)

The volatiles were modeled as one pseudo-species according to the
elemental analysis for the coal. The thermophysical properties of that
volatile species were modeled as for CH4 and the heat balance was
closed by adjusting the latent heat of devolatilization 𝐻𝑑𝑒𝑣𝑜𝑙. The same
approach was used e.g. by Petersen and Werther [31] in combination
with a gasification model.

2.2.3. Char conversion
The remaining char after drying and devolatilization was modeled

as carbon and ash. The carbon reacts according to the shrinking particle
model [32], taking boundary diffusion limitation and kinetic limitation
into account, while neglecting any pore diffusion effects, such that the
conversion of char is given by:

𝑑𝑚char = 𝜂𝐴𝑝𝑝𝑖

(

1 + 1
)−1

(4)

𝑑𝑡 𝑘kin 𝑘dif f
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with the particle surface area 𝐴𝑝, the partial pressure of the reactant
𝑝𝑖, the effectiveness factor 𝜂 – a model parameter – and the reaction
ontributions, taken as a resistance model between the kinetic reaction
ate 𝑘kin and the diffusion rate 𝑘dif f .

The kinetic reaction rate was modeled according to an Arrhenius
xpression:

kin = 𝐴𝑟 exp
(

−
𝐸𝑎
𝑅𝑇

)

(5)

here 𝐴𝑟 is the pre-exponential factor, 𝐸𝑎 the activation energy, 𝑅 the
deal gas constant and 𝑇 the temperature, see Table A.4. The diffusion
ate determined through mass transfer to the boundary was modeled
s:

dif f =
𝐶
𝑑𝑝

(𝑇𝑝 + 𝑇𝑓
2

)0.75

(6)

where 𝐶 is a diffusion constant (Table A.4), 𝑑𝑝 the particle diameter,
and 𝑇𝑝 and 𝑇𝑓 the particle and fluid temperatures, respectively.

2.3. Turbulence effect

The models presented for the thermochemical conversion process
of a coal particle are based on single particle models. Krüger et al.
[10] and Haugen et al. [11] showed that small particles cluster in
turbulent eddies. Consequently, since particles consume oxygen, the
local oxygen concentration in the particle surroundings is typically
significantly lower than the average oxygen concentration in the larger
control volume. This leads to reduced mass transfer to the particle
surface and consequently to reduced conversion rates.

For the derivation of the turbulence effect, several dimensionless
numbers were used, which are introduced here. First, the Damköhler
number, which relates the integral time scale:

𝜏L = 2
3
𝑘
𝜖

(7)

to the chemical time scale 𝜏chem:

Da =
𝜏L

𝜏chem
= 𝜏L𝛼hom,q. (8)

The chemical timescale was approximated as the inverse of the
reaction rate in a homogeneous quiescent flow 𝛼hom,q. Furthermore, the
Sherwood number was used, which represents the rate of convective
mass transfer to diffusive mass transfer. It can be expressed in analogy
to the Nusselt number for heat transfer by the following correlation:

Sh = 2 + 0.69Re1∕2Sc1∕3 (9)

where the Schmidt number (𝑆𝑐) is defined as the ratio of the viscous
(dynamic viscosity 𝜈) to the mass diffusion rate (diffusion coefficient
𝐷):

Sc = 𝜈
𝐷
. (10)

Special care needs to be taken for the particle Reynolds number, be-
ause no true relative velocity exists between the velocity fluctuations
f the turbulent fluid and the Lagrangian particles [11]:

e =
𝑢rel𝑑𝑝
𝜈

. (11)

The true relative velocity was approximated according to Haugen
et al. [11]:

𝑢rel = min

(

0.41
√

2
3
𝑘, 0.41

√

2
3
𝑘

[

𝑆𝑡𝑘−2∕3𝐿 − 𝑘−2∕3𝜂

𝑘−2∕3𝐿 − 𝑘−2∕3𝜂

])

(12)

including the turbulent kinetic energy 𝑘, the wave number of the
integral scale

𝑘 = 2𝜋𝜖
( 3 )3∕2

(13)
4

𝐿 2𝑘 p
nd the Kolmogorov scale

𝜂 = 2𝜋 𝜖0.25

𝜈0.75
. (14)

The Stokes number

St =
𝜏𝑃
𝜏𝐿

(15)

is the ratio of the integral to the particle time scale, where

𝜏𝑝 =
𝜌𝑝𝑑2𝑝
18𝜈g𝜌g

. (16)

Let us now turn to the actual turbulence effect on the mass transfer
rate to the particles. Krüger et al. [10] proposed a correction factor to
define the relationship between the reaction rate in turbulence-induced
clusters, 𝛼, in relation to the reaction rate in a homogeneous quiescent
flow, 𝛼hom,q:

�̃� = 𝛼
𝛼hom,q

. (17)

The reaction rate in homogeneous, quiescent flow, based on pure
diffusion limitation is given as:

𝛼hom,q = 𝐴𝑛𝑝𝑘eff = 𝐴𝑛𝑝𝑘dif f (18)

where 𝐴 is the mean external surface area of the particles, 𝑛𝑝 the
particle number density and 𝑘eff the effective reaction rate, which in
case of diffusion limitation is equal to the diffusion rate 𝑘dif f .

To investigate the effect of turbulent clusters, two cases can be
considered: First, for small Damköhler numbers (Eq. (8)), referred to
as the individual particle combustion regime, the oxygen consumption
rate scales linearly with the particle number density and is enhanced
by the turbulence, scaling with the Sherwood number (Eq. (9)) as:

𝛼hom,t = 𝛼hom,q
Sh
2
. (19)

Second, for large Damköhler numbers, referred to as sheath com-
bustion, the conversion is independent of the particle number density:

𝛼cl =

(

𝐴1𝐴2
)

Sh
𝜏LSt

. (20)

The correlation for 𝐴1𝐴2 was derived by Haugen et al. [11] as
𝐴1𝐴2 = 0.08+ 𝑆𝑡

3 , where 𝑆𝑡 is the Stokes number (Eq. (15)) and 𝜏L is the
integral time scale (Eq. (7)). The regimes for high and low Damköhler
numbers were connected by taking the harmonic mean:

𝛼 =
𝛼cl𝛼hom,t

𝛼cl + 𝛼hom,t
. (21)

Combining Eqs. (17), (19), (21), and (8) yields the correction factor,
hich was also obtained by Krüger et al. [10], as:

�̃� =
𝛼cl

𝛼cl + DaSh∕
(

2𝜏L
)

Sh
2
. (22)

The models shown were derived based on the assumption of
sotropic turbulence. This was expected to be a relatively good ap-
roximation for the char conversion phase and the correlation for the
lustering could be applied to RANS. Karchniwy et al. [13] presented
he application of the model in RANS simulations. However, since the
orrelation was only applied for single particle diameters in different
ases and for polydisperse particles in RANS, some clarification should
e made. The Sherwood and Stokes numbers can be calculated on a
article or parcel basis, as for a single diameter. However, we suggest
sing averaged values on a cell basis for the Damköhler number and
or the theoretical combustion in a quiescent flow. This strategy seems
ustifiable because Karchniwy et al. [12] showed that polydisperse
articles cluster in the same regions and in a similar way. Furthermore,
he Damköhler number is an average measure for the overall conversion

rocess of the particle cloud without clustering.
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Fig. 2. Reaction rates – kinetic effect (orange), diffusional effect (blue) and effective
(black) – over temperature for different particle sizes (varying line width). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

2.4. Theoretical considerations

If a blended reaction model as in Eq. (4) is used, the clustering only
influences the mass transport to the particles and therefore only the
diffusion reaction rate and not the intrinsic kinetics. Karchniwy et al.
[13] showed, that even if the turbulence correction factor �̃� is low in
some cases, the clustering is less influential if the conversion is mainly
controlled by kinetics. To illustrate the two regimes, Fig. 2 shows the
diffusion reaction rate, the kinetic reaction rate and the effective reac-
tion rate as a function of temperature for the char oxidation parameters
used in this study (see Table A.4).

As can be seen from Fig. 2, the regime change is not only influenced
by temperature, but also by the particle diameter. This is because the
kinetic reaction rate is not influenced by the diameter but the diffusion
rate varies with 1∕𝑑𝑝. Therefore, the thermochemical conversion of
smaller particles is usually less diffusion controlled. Although, specific
parameters were used for Fig. 2, a kinetic-diffusion limited reaction
model will always show similar characteristics.

Fig. 3 shows the correction factor �̃� as a function of the particle
diameter for a range of turbulent kinetic energy and particle number
density values. The temperature was fixed to 2500 K and the particle
density to 1300 kg m−3, because only minor effects of those parameters

ere observed. The most influential parameter seems to be the particle
umber density. The reason for this is that for large particle number
ensities the chemical timescale becomes comparable to the life time
f the particle clusters and eventually even larger. In the derivation it
as assumed that the life time of the particle clusters is approximately
qual to the turbulent time scale [11]. The volume occupied by the
luster will therefore be void of oxygen, while the surrounding volumes
ill contain much oxygen.

. Results

.1. Injection rig

To study the turbulent clustering effects on coal under raceway con-
itions an injection rig was first investigated. The setup was designed
o resemble blast furnace conditions from Mathieson et al. [33]. A
reheated coflow was injected to mimic the blast, and coal was injected
hrough a lance inclined by 6◦ to resemble the injection lance in a blast
urnace, see Fig. 4. The walls around the combustion chamber were
nsulated.

For the CFD simulation, the domain was discretized by approxi-
ately half a million, mainly hexahedral, cells using snappyHexMesh
5

Fig. 3. Correction factor as a function of particle diameter, computed for 𝜌 =
1300 kg m−3, 𝑇 = 2500 K, 𝑝 = 1 bar. For the highest particle number densities
(𝑛𝑝 = 1012 , 1014) the data points are overlapping.

Table 1
Boundary conditions for the injection rig simulations.

Temperature Inflow Type

K Nm3/h

Blast 1473 300 Air
Conveying gas 298 2 N2
Cooling gas 298 3.2 Air
Chamber walls 1800 – –

from OpenFOAM-9 [36]. The boundary conditions were set according
to the experiment and are summarized in Table 1. The case setup can
be found in the following repository [15]. The inlet conditions result
in a pipe Reynolds number of approximately 23000. At the outlet, the
pressure was set to 1 bar and Neumann boundary conditions were
used for the other quantities. For the turbulent kinetic energy, a 5%
turbulence intensity inlet condition was used and for the dissipation
rate a turbulent mixing length model with wall function models at the
wall boundaries.

The coal with the lowest volatile content from Shen et al. [34] was
chosen to investigate the turbulence effects on char combustion. The
mass flow rate of the coal is 31.6 kg h−1 and 10000 parcels per second

ere introduced in the domain. The particles were injected with an
nlet velocity of 20 m s−1 and an initial temperature of 300 K. The
roximate and ultimate analysis of the coal are given in Table A.4.
he particles are reflected at the wall boundaries and the velocity is
ultiplied by a restitution coefficient, which was set to 0.9. Additional

onstant particle parameters are given in Table A.4.
Different cases were investigated to study the effect of clustering

n coal conversion in the injection rig. In Section 3.1.1, we study
he effect with a fixed particle diameter, equal to the mean diameter
n mass basis (𝑑𝑝,3 = 30 μm) or the mean diameter on number
asis (𝑑𝑝,1 = 6.2 μm). In Section 3.1.2, the case is then extended
y employing a diameter distribution of the particles to compare it
o the single diameter approximation. Then, the effect of turbulence
n additional gasification reactions is shown in Section 3.1.3. Finally,
he char conversion with a variable effectiveness factor based on the
hiele approximation is shown and compared to experimental results

n Section 3.1.4.

.1.1. Injection rig — fixed diameter
Fig. 5 shows the conversion averaged over the downstream position

or the two different particle diameters. For both cases the result is
lotted with the standard conversion model (‘‘standard’’) and the model
ncluding the turbulent clustering effects (‘‘clustering’’). For the larger
articles 𝑑 = 30 μm, we see a slight reduction in conversion caused
𝑝,3
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Fig. 4. Schematic drawing based on the experimental setup from Mathieson et al. [33] and publications from Shen et al. [30,34,35].
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Fig. 5. Char conversion in the injection rig averaged over the downstream position
for the case with particle diameter 𝑑𝑝,3 = 30 μm and 𝑑𝑝,1 = 6.2 μm.

Fig. 6. Turbulence correction factor in the injection rig averaged over the downstream
position for the case with particle diameter 𝑑𝑝,3 = 30 μm and 𝑑𝑝,1 = 6.2 μm.

by turbulence. This is especially pronounced in the downstream part of
the rig. The results agree with the average turbulence correction factor,
shown in Fig. 6, which is below one until z = 1.2 m of the domain. At
the beginning, we have lower correction factors for this case, but the
coal still dries and devolatizes and, therefore, no influence on the char
conversion can be seen. The char conversion for the 𝑑𝑝,3 = μm particles
is mainly diffusion controlled, because the particles are already heated
up above 1200 K when char conversion begins, as shown in Fig. 2.

For the small particles (𝑑𝑝,1 = 6.2 μm), we observe a reduction in
conversion at the first section (up to 0.2 m), followed by no influence
of turbulence at approximately 0.4 to 0.6 m downstream. Fig. 6 shows
the average turbulence correction factor, which is below 1 for the small
particles in the whole domain. This confounds the observation from
Fig. 5, where the conversion seems not to have been influenced or even
enhanced by the turbulence for the small particles between 0.45 and
6

0.6 m. F
Therefore, in Fig. 7 we take a closer look at the combination of
the turbulence correction factor and the CO source term in the cross
section of the rig. In the first part of the rig (up to 0.2 m), the
turbulence correction factor is virtually everywhere well below unity,
corresponding to a reduction in the conversion. Further downstream, �̃�
is still well below unity in the jet center, but approaches unity in the
outer parts. This shows that for this particular case, the regions where
most of the char conversion occurs are correlated with the regions
where the correction factor is approaching unity. Furthermore, the
overall conversion of the smaller particles is less diffusion controlled
than for the larger particles, see Fig. 2, which leads overall to few
turbulence effects.

To quantitatively evaluate the effect of clustering, let us organize all
particles in increasing order with respect to their correction factor �̃�.
The particle with the lowest correction factor is identified by the index
𝑖 = 0 and the particle with the highest correction factor with 𝑖 = 𝑜,
where 𝑜 is the total number of particles. We now define the index 𝐼 (�̃�)
as the index of the particle with the highest correction factor that is
still below �̃�. The cumulative conversion rate 𝑅𝑅 (�̃�) to quantitatively
evaluate the turbulence effect is then given by:

𝑅𝑅 (�̃�) =

(𝑖=𝐼(�̃�)
∑

𝑖=0

d𝑚char,𝑖

d𝑡

) / ( 𝑖=𝑜
∑

𝑖=0

d𝑚char,𝑖

d𝑡

)

(23)

In Fig. 8 this cumulative conversion rate is plotted over the correction
factor. The point for 𝑅𝑅 (�̃�) = 50% is marked by circles. This evaluation
gives a better estimate of the overall turbulence influence than the aver-
age calculation of �̃� as a function of the downstream position in Fig. 6.
However, whether the conversion is diffusion or kinetic controlled will
also influence the overall turbulence effect. Fig. 8 suggests that the
reduction in mass transfer is stronger for the 𝑑𝑝,1 = 6.2 μm particles than
for the 𝑑𝑝,3 = 30 μm particles, but it is less according to Fig. 5 because
the conversion of the 𝑑𝑝,1 = 6.2 μm particles is less diffusion controlled
than for the 𝑑𝑝,3 = 30 μm particles (see Fig. 2). Overall, the relation
hown in Fig. 8 gives a quantitative estimate of the possible influence
f turbulence, but is still dependent on the conversion regime.

.1.2. Injection rig — diameter distribution
We now look at the effect of the particle size distribution for the

ame setup as studied in Section 3.1.1. The particle size distribution
as fitted with a Rosin-Rammler distribution according to Maier [37]
ased on the experimental values reported by Shen et al. [34]. The
pread parameter was fitted to 𝑛 = 0.97 and the mean diameter was
̄ = 30 μm [37]. In real applications, and in the experiments by Shen
t al. [34], coal particles are present in certain size ranges. Karchniwy
t al. [12] showed that polydisperse particles experience the effects of
lustering in the same way as monodisperse systems do. Therefore, the
urbulence correction factor for monodispersed particles was applied
irectly to all the particles here.

Fig. 9 shows the overall char conversion as a function of down-
tream position for different size groups — comparing the standard
odel and the model with turbulent clustering effects. Similarly, as for

he 𝑑𝑝,3 = 30 μm particles, the char conversion is effectively reduced
hrough the reduced mass transfer to the clusters. Compared to the
har conversion for the 𝑑𝑝,3 = 30 μm particles (30 μm) as shown in

ig. 5, the char conversion starts earlier and overall is slightly reduced.
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Fig. 7. The turbulence correction factor �̃� (top) and the CO source term from char oxidation (bottom) for the simulation with 𝑑𝑝,1 = 6.2 μm.
Fig. 8. Cumulative reaction rate over turbulence correction factor �̃�.

Fig. 9. Char conversion of polydisperse coal particles averaged over downstream
position. The average (Ø) conversion in dashed (with clustering) and dash-dotted lines
(without clustering). The conversion for different size groups are marked by circles and
crosses for the standard model and model with clustering effects, respectively.
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This is related to the difference in the char conversion rate for the
differently sized particles. The reduction in the average conversion at
approximately 1.2 m downstream might seem unreasonable at first.
However, this is related to the averaging of all the particles and the fact
that particles of different size hit the wall at different positions where
the injection rig’s cross-section is reducing. This is also undermined
by the conversion rates of the grouped particles in Fig. 9. They have
been grouped by size and their average conversion has been plotted.
The smallest particles are converted quite fast, with only a minor
influence of turbulence — similar to the 𝑑𝑝,1 = 6.2 μm particles before.
The influence of clustering becomes more pronounced for the larger
particles. The largest particles are only converted slightly before they
reach the end of the injection rig. Overall, the conversion behavior and
influence of clustering is similar to the conversion of the 𝑑𝑝,3 particles,
but also the effects of smaller and larger particles, contributing to the
average char conversion marked by the green average lines in Fig. 9.

It might be striking that the char conversion decreases towards
the end of the domain. This is, however, related to the averaging of
the particles done over the whole cross-section. The smaller – burnt –
particles are partly recirculated and therefore not transported towards
the end of the domain. This is also influenced by the stronger turbulent
dispersion effects on the smaller particles. Consequently, the average
char conversion decreases, because the larger – partly unburnt – char
particles take a greater share of the overall particles.

3.1.3. Injection rig — oxidation & gasification
In the blast furnace, besides char oxidation, gasification reactions

play an important role. According to Maier [37] a kinetic-diffusion
approach can be chosen to model the gasification reactions using the
kinetic parameters given in Table A.4. For the effect of turbulence,
the same relation, as derived by Krüger et al. [10], was used for
the gasification reactions. This is justifiable since the derivation was
not limited to oxidation reactions. For the H2O and CO2 gasification
reactions, the assumption of diffusion limited reactions is reasonable for
high temperature, since these reactants also need to be transported to
the char surface. However, for lower temperatures and in the presence
of O2, the assumption of the model does not hold, since for these
conditions CO2 can be present right at the surface due to char oxidation.
Nevertheless, for the blast furnace application the temperatures are
high and, in general, the gasification reactions are mainly kinetically
limited for low temperatures.

Fig. 10 shows the conversion as a function of downstream position
for the diameter distribution with oxidation as well as both oxidation
and gasification reactions. Naturally, the overall conversion is higher
if gasification is considered. The overall trend is similar for both
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Fig. 10. Char conversion as a function of the downstream position using oxidation
(green), and oxidation and gasification (pink) reactions. The results from the standard
model are shown by dash-dotted lines and from the model including clustering effects
with dashed lines. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

cases, but the effect of turbulence is slightly higher when gasification
reactions are included. This is related to the fact that oxygen depletion
plays only a minor role for the gasification reactions. This means that
reactions also occur in the regions with lower turbulence correction
factors. Additionally, temperatures are quite high, and therefore the
gasification reactions are also partly diffusion controlled.

For simplicity, the same relation used to compute the diffusion pa-
rameter for the Schmidt number was employed for the turbulence effect
for oxidation and gasification reactions. The diffusion parameter was
approximated by a third order polynomial depending on temperature,
based on the diffusion model for oxygen in nitrogen. The diffusional
parameter is slightly different for CO2 and H2O. However, the dif-
ferences are negligible, especially in the regimes where mass transfer
is reduced by turbulence. However, if the model were applied to H2
gasification, the differences might be significant and an independent
Sherwood number should be calculated.

3.1.4. Variable effectiveness factor
Shen et al. [34] reported experimental burnout measurements for

the used coal in the injection rig. To compare our simulation results
to the experimental data, we need to apply the reported kinetic data
for this coal. Therefore, a variable effectiveness factor is used in the
following. The change of char mass is then computed as follows:

𝑑𝑚char
𝑑𝑡

= 𝐴𝑝𝑝𝑖

(

1
𝜂𝑘kin

+ 1
𝑘dif f

)−1
. (24)

The effectiveness factor 𝜂 is taken only for the kinetic reaction
rate and calculated according to the porous sphere approach, which
is equivalent to Eq. (A.3) times three. The Thiele modulus is calculated
as:

𝛷 =
𝑑𝑃
2

√

𝐴𝑔𝑘kin𝑝O2
𝜌𝑃𝜙

𝐷eff𝜌O2

. (25)

To calculate the Thiele modulus, the specific internal surface area
𝐴𝑔 is taken as 1030.57 m2 kg−1, the effective diffusion rate is calculated
according to Eq. (A.5) and 𝜙 is the split factor (Eq. (A.1)). To calculate
the effective diffusion rate a porosity, 𝜔, of 0.53, a tortuosity, 𝜉, of 2 and
a pore radius of 4.5 ⋅ 10−7 were used. The diffusion parameter for 𝑘dif f
was changed to 5.6 ⋅ 10−13 according to [34] because the effectiveness
8

factor is now only applied to the kinetic rate.
Fig. 11. Char conversion over downstream position for different diameter groups.
Results from the simulation with variable effectiveness factor.

Fig. 11 shows the char conversion for the simulation with variable
effectiveness factor. Compared to the previous results, the char conver-
sion is reduced. Additionally, we see negligible effects of clustering for
particle diameters up to 10 μm.

In the experiments, the char conversion was measured at 925 mm
downstream position. The experimental burnout was found to be
59.8%. At the same position the simulated burnout with the standard
model is 63.3% while it is 58.4% when account is made for the
effect of clustering. Both values are in a reasonable range compared
to the experimentally measured burnout. The results with clustering
effect underpredict the burnout a bit. However, they are closer to the
experimental values then the standard model. The reported burnout
from literature should be taken with care, because no error tolerance
was reported and nor level of repeatability.

3.2. Blast furnace raceway

To study the effect of turbulence under real blast furnace conditions,
the raceway zone of a blast furnace was simulated with pulverized coal
injection. The simulation setup of the raceway is based on the work
by Maier [37]. The geometry represents a 3.5 m high section of the
blast furnace. An axisymmetric slice of the blast furnace raceway was
chosen to reduce the computational demand. The numerical mesh of
the geometry has approximately 300000 mainly hexahedral cells. In the
raceway zone, not only are the blast and the reducing agents present,
but also the coke supplied from the top and the liquid iron and slag. The
liquid iron and slag are ignored for simplification, because they do not
react in this zone [37]. Because the coke also reacts with the blast, it is
also modeled as an Eulerian phase in the raceway zone. The conversion
of coke is modeled by oxidation, and H2O, H2 and CO2 gasification
reactions. Details on the coke conversion model are given in Appendix.
Validation results for this setup were presented in [38].

A hot blast mass flow of 3.554 kg s−1 enters the blast furnace
and forms a cavity in the coke bed. The hot blast enters with 1523
K and a mass fraction of 0.30157 O2, 0.6946 N2 and 0.00383 H2O.
These conditions result in a pipe Reynolds number of approximately
105 in the tuyere. The temperature at the bottom of the simulation

domain is fixed to 1673 K and the bottom is assumed to act as a wall
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Fig. 12. Blast velocity profile in the simulated zone. The raceway cavity is marked
with a solid black line. Outside the cavity, the coke bed has a porosity of 0.5.

for the blast. The coke bed is modeled with a porosity of 0.5 and is
assumed stationary. The raceway shape and size were prefixed based
on the work by Maier [37], who derived the porosity profile from
the results presented by Zhou [39]. In this work, we did not adapt
a porosity profile, but set a fixed raceway shape with a penetration
depth of 1.15 m. The raceway shape can be seen in Fig. 12. These
simplifications are adequate because the focus of the current work is on
the reducing agents conversion. Moreover, such simplifications speed
ups have proven suitable for prediction in [37].

In Fig. 12 the blast velocity is also shown. The highest velocity
occurs when the blast enters the blast furnace. The characteristic re-
circulation zone in the raceway can also be seen in the Figure. Close
to the tuyere tip and in the raceway cavity more arrows are shown,
because the mesh is refined in this region.

To study the turbulence effect on the coal conversion, 680 kg/h
of the same coal as in the lab scale simulation were injected into
the blast furnace. The number of parcels was set to 2000 per second.
Fig. 13 shows the gas phase temperature profile in the central plane
of the simulated raceway zone. The projected position of the coal
particles is marked by points and scaled by their mass. The Lagrangian
coal particles are deleted when they hit the stationary coke bed. This
simplification is made because a lot of coal is converted before hitting
the coke bed and there is a lack of validated interaction models for
coke and reducing agents, therefore the interaction is often neglected,
e.g. by [40].

The temperature in the beginning of the coal plume decreases first
due to drying and devolatilization. In the raceway zone around the coal
jet, the temperature increases due to volatile combustion and oxida-
tion reactions. Predicting the thermal state of the lower blast furnace
influenced by the pulverized coal helps to understand the influence
of different coal flow rates and types on blast furnace operation [3].
According to Babich [3] the full burnout of pulverized coal within the
raceway zone is hardly possible for high coal flow rates. However, an
accurate prediction of the burnout helps to gain insight on the maximal
possible coal rate for coke substitution.

The average char conversion of the dried and devolatilized coal
particles is plotted in Fig. 14. Similar to the char conversion in the
injection rig for the polydisperse particles, we see a clear reduction in
conversion of the coal particles when the clustering effect is considered.

Fig. 15 shows the mass fractions of the gas species in the raceway
cavity. The profiles are taken from the horizontal line starting from the
middle of the tuyere at the blast furnace wall. We see that the volatile
concentration is increasing from 0.5 m from the blast furnace wall.
There, the coal particles devolatize and then the volatiles combust.
9

Fig. 13. Raceway with temperature distribution and pulverized coal particles.

Fig. 14. Raceway with average conversion over the distance from blast furnace wall
for the standard model and with clustering effect.

The oxygen concentration reduces, due to volatile combustion, char
oxidation and gasification reactions. The CO2 concentration rises and
reduces in the coke bed again due to the oxygen limitation. The profiles
are comparable to concentrations typically found in a raceway cavity,
as for example shown by Maier [37].

4. Conclusion

The presented results show that the reduction in mass transfer
rate to small particles plays a crucial role under blast furnace race-
way conditions. The highly turbulent flow leads to strong clustering,
which is determined by the calculated correction factor �̃�. Additionally,
the high temperatures lead to high kinetic rates and consequently
to diffusion controlled conversion regimes. The incorporation of the
model significantly influenced the overall predicted char conversion of
pulverized coal particles in the raceway zone.

The correct estimation of coal conversion is important to predict the
maximum possible coal flow rate and consequently the coke substitu-
tion rate. Furthermore, an accurate prediction of the coal burnout helps
to estimate the thermal state of the blast furnace raceway zone which
is beneficial to support process control. Additionally, further studies
to substitute the coal by renewable reducing agents, such as biochar,
will benefit by the inclusion of the turbulent effects on conversion. In
the future, an improvement of the model by including the interactions
between reducing agents and the coke bed, and a moving coke bed
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Fig. 15. Horizontal mass concentration profile from the middle of the tuyere.

ould be beneficial. From a general perspective, the results indicate that
n a-priori estimation through the calculation of average correction
actors is impractical because the regions of correction factors have to
e correlated to regions of actual reaction. Additionally, the simplified
epresentation of small particles by particles with a mean diameter
trongly influences the prediction of the correction factors and should
herefore be avoided.

Finally, we would like to emphasize that the models used to account
or the effect of turbulence used here, which were developed by Krüger
t al. [10] and Haugen et al. [11], are based on the assumption of
sotropic turbulence. This is expected to be a relatively good approx-
mation for the char conversion phase, but care should nevertheless be
aken.
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Appendix. Parameters

The reaction rate parameters used in the different cases presented
in this paper and details about the modeled coal are summarized here.
The gas phase reactions are shown in Table A.2 based on the work
from Westbrook and Dryer [41]. The parameters for the devolatilization
model (Eq. (2)) are given in Table A.3.

For the coal particles studied in this paper, the proximate analysis,
the ultimate analysis from Shen et al. [34] and the conversion rate
parameters are summarized in Table A.4. The conversion rate param-
eters are given according to Eq. (4). Kinetic parameters for oxidation
are from Silaen and Wang [42] and for gasification from Maier [37].
The diffusion parameter set as by Karchniwy et al. [13] and the
effectiveness factors from Maier [37]. The stoichiometric coefficients
for the char oxidation products (𝑣CO = 2 𝜙−1

𝜙 and 𝑣CO2
= 2−𝜙

𝜙 ) are
calculated as suggest by Shen et al. [34]:

𝜙 =
2𝐴𝑠𝑟 exp

(

𝑇𝑠𝑟
𝑇𝑓

)

+ 2

2 + 𝐴𝑠𝑟 exp
(

𝑇𝑠𝑟
𝑇𝑓

) (A.1)

using 𝐴𝑠𝑟 = 2500 and 𝑇𝑠𝑟 = 6240 K.
For the full-scale raceway simulation, also the coke phase was in-

cluded as Eulerian phase and its conversion was modeled. The effective
reaction rate was computed as

𝑘eff =
(

1
𝛽𝐶1−𝑣

+ 1
𝜂𝑘kin

)−1
𝐶𝑣. (A.2)

Where 𝑘kin is the kinetic reaction rate modeled according to Arrhe-
ius with the parameters given in Table A.5 and 𝛽 the mass transfer
ate through the boundary layer. The effectiveness factor 𝜂 accounts

for pore diffusion and is modeled according to Liu and Niksa [45]:

𝜂 = 1 ( 1 − 1 )

(A.3)

𝛷 tanh𝛷 𝛷
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𝛽

Table A.4
Proximate analysis in mass-%, ultimate analysis, particle parameters and reaction rate
parameters.

Moisture vol. ash fixed c. HCV

% % % % MJ kg−1

0.9 12.4 8 78.7 32.98

Elemental analysis in mass-%

C H N S O

91.3 4 1.9 0.5 2.3

Constant particle parameters

e f h 𝜌𝑝 𝑐𝑝
– – – kg m−3 J kg−1 K−1

0.9 0.5 0.3 1300 1500

Reaction rate parameters

𝐴𝑟 𝐸𝑎 𝐶 𝜂

s m−1 J kmol−1 s K− 3
4 –

oxid. 0.052 6.1 ⋅ 107 5 ⋅ 10−12 0.6
CO2 gasif. 20230 3.304 ⋅ 108 5 ⋅ 10−12 0.7
H2O gasif. 606.9 2.697 ⋅ 108 5 ⋅ 10−12 0.6

Table A.5
Reaction parameters for coke conversion. Parameters for oxidation and CO2 conversion
from Rumpel [43] and for H2O conversion from Tepper [44].

Reaction 𝐴𝐸 𝐸𝑎∕𝑅 𝑣

coke + 1.0475 O2 ←←←←←←←←←←←←←←←←←→ CO2 + 0.146 H2O 4.8e9 16731 0.59
coke + 0.949 H2O ←←←←←←←←←←←←←←←←←→ CO + 1.095 H2 3.54 15600 1
coke + CO2 ←←←←←←←←←←←←←←←←←→ 2 CO + 0.051 H2O + 0.095 H2 2.7e5 18520 0.13

Table A.6
Particle properties for the coke modeled as Eulerian
phase in the blast furnace.
𝜔 𝜉 𝑑pore
0.41 3.7 2e−7

with the Thiele modulus 𝛷 from [46]:

𝛷 =
𝑑𝑝
2

√

1 + 𝑣
2

𝑘kin𝜌𝑝𝑐𝑣−1

𝐷eff
. (A.4)

To calculate the Thiele modulus, the particle diameter 𝑑𝑝, the kinetic
reaction rate 𝑘kin, the particle density 𝜌𝑝, the concentration of the
gaseous component 𝑐 with its coefficient 𝑣 and the effective diffusion
coefficient 𝐷eff were used. The diffusion coefficient is calculated based
on the Knudsen 𝐷𝐾𝑛 [47], pore Diffusion 𝐷𝑔𝑎𝑠 [29] and the ratio of
porosity 𝜔 and tortuosity 𝜉 (see Table A.6):

𝐷eff =
(

1
𝐷Kn

+ 1
𝐷gas

)−1 𝜔
𝜉
. (A.5)

The mass transfer through the boundary layer is modeled as follows:

=
Sh𝐷gas

𝑑𝑃
𝐴𝑝 (A.6)

with the Sherwood correlation from [48]:

Sh = 0.375
1 − 𝛿coke

Re0.641Sc
1
3 . (A.7)
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