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Abstract

Pulverized biomass has great potential to replace coal in the many industrial systems such as suspension-
firing furnace and entrained-flow gasifier. The shape of pulverized biomass deviates significantly from
the quasi-spherical coal particle. However, it is common to simulate pulverized biomass particles as
spheres as most biomass models are developed based on coal models. With the aim to obtain a more
realistic simulation of pulverized biomass, this work extends the treatment of pulverized biomass to
spheroids. A spheroid model that accounts for spheroidal particle drag force and torque is implemented
into an Eulerian-Lagrange computational fluid dynamic solver. Comprehensive verifications and
validations are performed by comparing with experiments and direct numerical simulations.
Furthermore, non-reactive simulations of a lab-scale entrained flow gasifier are carried out using both
the conventional spherical particle model, simplified non-sphere model, and the implemented detailed
spheroidal particle model. By studying the simulation results of particle and fluid velocities in axial,
radial and tangential directions, differences are observed when comparing the sphere model, the
simplified non-sphere model, and the spheroid model. The spheroid model also indicates that particle
orientation, which is ignored in the sphere model and the simplified non-sphere model, plays a role in
the behavior of the particle dynamics. It is also found that, under such conditions, the spheroid model,
compared to the sphere model, yields a more dispersed distribution regarding the particle residence time
and local concentration. These non-reactive simulation results imply that shortcomings may exist in the
common practice of simulating conversion of pulverized biomass in which the sphere model or the

simplified non-sphere model is applied.
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1. Introduction

In order to address the increasing concerns related to the use of fossil fuels for both heat and power
as well as fuel production [1], it is of interest to investigate the sustainable use of alternative fuels to
replace traditional fossil fuels. One viable option is to utilize biomass. For example, liquid biofuels can
be produced via entrained flow gasification. In this process, pulverized biomass is gasified in an
entrained flow gasifier and the produced bio-syngas is further converted into liquid hydrocarbons by
Fischer-Tropsch synthesis [2].

Due to the fibrous nature of bio-based feedstock, pulverized biomass particles come in various
shapes. For example, scanning electron microscope images of Norwegian spruce and forest residuals
show that particles are mainly large needle-like oblongs [3]. Gubba et al. [4] presented electron
microscopy images of milled wood and palm kernel expeller and showed particle shapes varying from
cylinders, spheres, slabs and other irregular shapes. Panahi et al. [5] published optical microscope
photographs of pulverized Miscanthus and Beechwood particles and showed that most of them are
cylinder-like in shape. Despite the shape of pulverized biomass particles being non-spherical, the
majority of research up until recently use spheres to represent pulverized biomass particles in
computational fluid dynamic (CFD) simulations [6][7][8]. This simplification may lead to several
problems related to the predictability of such models for larger applications. To begin with, given the
same flow field, spherical and non-spherical particles have different hydrodynamic behavior due to the
difference in hydrodynamic drag and torque. Drag forces are dependent on particle cross-sectional areas
projected to flow directions. Values of the particle cross-sectional projected area vary in the case of non-
spheres as they will rotate, but cross-sectional projected areas remain constant for spheres. Furthermore,
particle torques, which are often ignored in simulations of spheres due to central symmetry, have to be
included in simulations when particles are non-spherical to account for particle rotations. In addition to
hydrodynamic considerations, the particle heat and mass transfer of non-spheres are likely to be different
from spheres. These are all factors that have influence on particle trajectories, residence times, heat

transfer, and temporal developments of particle conversion. Without considering these aforementioned
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effects, simulations employing the spherical particle assumption would fail to capture details of the
thermal conversion of pulverized biomass observed in experiments.

To remedy these issues, efforts have been made to investigate the behavior of non-spherical particles
in flow systems. From particle hydrodynamics perspective, Zhang et al. [9] carried out numerical
investigations of particle dispersion in detail and found that particle shapes affects the dispersity.
Wachem et al. [10] simulated spherical, ellipsoidal, disc and fiber shaped particles in turbulent channel
flow with large Stokes numbers and mass loading factor of unity. Their study shows that non-spherical
particles are most stable when their longest axes are perpendicular to the flow, which makes them having
higher average velocities than spherical particles with equivalent volume. These works all contributed
to the understanding of the differences of dynamics between spherical and non-spherical particles. One
important force affecting the dynamics of a non-spherical particle is the drag force. Numerical studies
on modelling drag forces of non-spherical particles can be generally classified into two categories. The
first approach is to use simple shape factors (such as particle sphericity) to account for the irregular
shapes of non-spherical particles and then to modify the drag coefficients based on the said shape factors.
However, such method does not consider the effects of particle orientations. A typical example of this
approach is the simplified non-sphere model developed by Haider and Levenspiel [11], which has been
implemented into many mainstream CFD solvers including Ansys Fluent and OpenFOAM. This is one
of the most commonly used model that takes account the shape of a particle and has been used in a
handful CFD studies of modelling biomass [12][13]. Another approach of modelling the drag forces of
non-spherical particle is to include the effects of particle orientations. This could be done either by
introducing inclination angle (angle between particle major axis and flow direction) as in the work of
Rosendahl [14] or making particle sphericity or drag coefficient dependent on particle orientations as in
the work of Hélzer and Sommerfield [15]. In addition, attention has been paid to heat and mass transfer
processes of non-spherical particles. Schiemann et al. [16] studied particle shape effects on char burning
kinetics using imaging pyrometry, and it was concluded that particle shapes should be taken into account,
otherwise it could leads to miss-interpretation of char burning rate. Vorobiev et al. [17] further included
the influence of Stefan flow to study burning rates of torrefied biomass. A comprehensive model for

char burnout kinetic that considers Stefan flow effects was presented in their paper. They reported that
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effects of Stefan flow are more pronounced in small particles with large aspect ratios. Grow [18]
investigated heat and mass transfer for an ellipsoidal particle and showed that, in the case of diffusion
controlled combustion, the average combustion rate of ellipsoidal particles are only slightly higher than
spherical particle of the same surface area. This is confirmed by Li and Zhang [19] who conducted a
theoretical study on spheroidal char particles under forced convection conditions and it was found that,
in both diffusion controlled and diffusion-kinetic controlled cases, combustion rates increase with
particle aspect ratios.

Although there is significant progress in research on simulating particles of non-spherical shape,
studies concerning particle-laden jets using detailed description of spheroidal particle models in a reactor
for thermochemical conversion of biomass are rare. To better simulate entrained flow gasification of
pulverized biomass, a cold flow study with a more realistic approximation of the particle shape is hereby
presented as a first step in this work. A spheroid model is implemented into a Eulerian-Lagrangian CFD
solver using the open source CFD platform, OpenFOAM [20]. In this spheroid model, pulverized
biomass particles are treated as needle-like spheroids. The drag force and torque acting on the particle
are all taken into account. Since the proposed CFD solver includes particle torque calculations, the
effects of particle orientations can be studied. This makes the proposed spheroid model different than
other CFD studies works where biomass particles as are simulated as non-spheres but particle
orientations are not considered [12][13]. Furthermore, although the general trend of particle motions by
assuming pulverized biomass particles as spheroids instead of spheres is easy to predict by qualitative
analysis, quantitative information of differences between these approaches are rarely found in open
literatures. The current research meets this need by presenting a comprehensive comparison of particle
dynamics calculated from different models.

The logical development of this work and the structure of this paper is as follows. The theoretical
foundation is explained in Section 2. In Section 3, the verifications and validations of the implemented
spheroid model are discussed in two parts: torque and drag. With the validated model, cold flow
simulations of a simplified entrained flow gasification reactor are executed in Section 4, where particle

and fluid velocities in axial, radial and tangential directions are analyzed and results are compared
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among those of the sphere model, the simplified non-sphere model and the spheroid model. Particle

residence times and concentrations are also studied. Finally, Section 5 summarizes the conclusions.

2. Mathematical modelling

Eulerian-Eulerian and Eulerian-Lagrangian models are often employed when simulating dispersed
two-phase flows [21]. Eulerian-Eulerian models treat all phases, including particles or particle bundles,
as continuous phases and their momentum and continuity equations are solved for each phase [21]. This
approach greatly saves computational cost but cannot provide information of any specific particle or
particle bundle [21]. Different from Eulerian-Eulerian models, Eulerian-Lagrangian models treat only
the fluid phase as continuous phase but the dispersed phase is treated as discrete phase [22]. As a result,
an Eulerian-Lagrangian approach is chosen in this study in order to investigate particle behavior on both
collective and individual levels. When Eulerian-Lagrangian models are applied, one important aspect
that should be considered is the coupling between the continuous phase and the dispersed phase, namely
one-way, two-way or four-way coupling; one-way coupling only accounts for the influence of the fluid
on the particles, but neglects the particles influence on the fluid and intra-particle interactions; two-way
coupling considers the interactions between the fluid and the particles, but neglects the intra-particle
interactions; four-way coupling includes interactions between the particles and the fluid, as well as intra-
particle interactions [23]. The method of coupling in the present work is explained in Section 2.4. Below
outlines the theory of particle models accounting for the drag force and torque used in this work. It
should be noted that only drag and buoyant (including gravity) forces that act on the particles are
considered in this work. Other forces such as virtual mass force are neglected as they are not important

under conditions of interest where particles are relatively small and particle to fluid density is large [23].

2.1. The sphere model

Various drag models are available in open literature, for example the distorted sphere drag model by
Liu et al. [24]. Here, the following sphere drag model (originally implemented in OpenFOAM [20] 4.x
“SphereDragForce.C”, based on [23] with modifications) is used as an example to represent the common

practice that pulverized biomass particles are simulated as spheres in CFD.
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In this particle drag model, the drag force is defined as,

3
Fo = &mekrCo(Ur=Up) 1
p = ®

0.424Re,, Re, < 1000

Cp = 2 2

P24 <1 +%Re;),Rep > 1000 @)
_ [ur—uplDp

Re, = v 3

where Fp is particle drag force [N], m, is particle mass [kg], u is fluid dynamic viscosity [N-s/m?], Cp
is drag force coefficient, Us is fluid velocity [m/s], U, is particle velocity [m/s], pr is fluid density [kg/
mq], Dy is particle diameter [m], Re; is particle Reynolds number and v is fluid kinematic viscosity
[m?/s]. Note that the torque acting on the spherical particle is not calculated, so the rotation of particle

is not considered.

2.2. The simplified non-sphere model

As previously stated, one of the most commonly used model that takes account the shape of a
particle is the simplified non-sphere model developed by Haider and Levenspiel [11]. This simplified
non-sphere model introduces a so-called shape factor (particle sphericity) to differentiate particle shapes,
which is defined as the ratio of surface area of a sphere of equivalent volume to surface area of the non-
spherical particle. Four model coefficients B1, Bz, Bs and Bs are calculated based on this particle

sphericity. The drag force coefficient then is formulated as:

Re'B3
Re+B,

Cp === (1+By-ReP2) + 2, 4)

Although this model accounts for particle shapes, it still does not consider the orientations of the particle.

2.3. Spheroid model

In analytical geometry, a spheroid at origin point aligned along the coordinates can be described by
—+L 4+ =1, (5)
The aspect ratio is defined as 1 = 2 and a and c are the particle axial lengths [m]. A spheroid is referred

to as a prolate ellipsoid when its aspect ratio is larger than one and an oblate ellipsoid when its aspect



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

Author’s Post-print version. Article published in Fuel: DOI: 10.1016/j.fuel.2018.10.137 Published
version: https://www.sciencedirect.com/science/article/pii/S0016236118318672

ratio is less than one. When its aspect ratio equals to one, it regresses to a sphere. In this work, the term
spheroid is used to referred to a prolate ellipsoid specifically. This correlates to the fact that pulverized
biomass particles are usually needle-like and have large aspect ratios [3].

When particles are non-spherical, it is of importance to include the particle rotation effects. Therefore,
using an appropriate method to describe rotation in three-dimensional space is necessary. Three different
Cartesian coordination frames in combination with an Euler rotation theorem are routinely used in

previous studies for ellipsoid particles [25][26][27]. The three Cartesian frames are given as follows;

x = (x4, x5, x3)is the inertial frame, x’' = (xll,le,x ) is the particle frame with its origin at the particle

3

center and its principal axes being the spheroid particle’s principle axes. In addition, the co-moving

frame, x'’' = (xl,xz,xg), represents the frame whose origin is at the particle center but its axes are

parallel to its corresponding axes of the inertial frame.

According to Euler's rotation theorem, any rotation in a three-dimensional space can be defined by
three angles, referred as Euler’s angles. One set of three Euler’s angles corresponds to one set of four
Euler parameters, (eo, €1, €2, €3), and vice versa [28]. The transformation matrix, A, that can convert
between co-moving frame and particle frame is [29] given by:

x' = Ax" (6)

2.3.1. Drag force of spheroid
In this work, the drag model developed by Hoélzer and Sommerfield [15] for spheroid particles is

employed. Formulas for drag force and drag force coefficient are given as follows:

1
Fp =2 CpprAc(Ur = Up)|Ur = Up| (@)
8 1 16 1 3 1 02 1
Cp=———=+——+—=—3 + 0.424004(-10g®™" —_ 8
b RepM+R€pﬁ+vRep¢%+ n ®

where Ac is particle cross-sectional area that is projected to the flow direction [m?]. In addition, ¢, ¢,
and ¢, represent sphericity, lengthwise sphericity and crosswise sphericity, respectively. They account
for different particle shapes and orientations. Their detailed definitions can be found in the original

reference [15]. The model is implemented in a way that includes sideward motion due to particle major
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axis being inclined to flow direction (also known as “profile lift” in Mandg and Rosendahl [30]). Particle
drag forces are calculated separately in the x-, y- and z-direction in particle frame then are assembled
together as vectors in inertia frame, by that particle drag coefficients are calculated separately in the x-,
y- and z-direction in particle frame according to Eqg. (8). As a result, the directions of assembled drag
force vectors in inertia frame could be different from particle-to-fluid slip velocities. It should be noted
that Holzer and Sommerfield [15] states that this formula considers particle orientations over the entire
range of Reynolds numbers up to the critical Reynolds number, whose precise definition is not given in
their paper. The model has therefore some shortcomings at certain high Reynolds conditions, which

however will not be relevant in the present study.

2.3.2. Torque of spheroid

Particle rotations are governed by [26]:

- dw, A
IUW - eijkwjlklwl = Ni’ (9)

’

where | is particle moment of inertia [kg-m?], w is particle angular velocity [rad/s], t is time [s], N is
particle torque [N-m], superscript ~ refers to the aforementioned frame x’, ¢ is the Levi-Civita symbol
and subscript i, j, k refer to tensor notation indices.

There are different ways to model particle torques. For example, two types of torques were
considered in the work of Mandg and Rosendahl [30]. The first one is due to resistance and the second
one is to offset the pressure center in relation to the geometry center of the particle. Both types of torques
are coupled with particle forces in their work. In the present work, an alternative approach is used where
particle torques are decoupled from particle forces and it is assumed that the particle geometry center is
the pressure center. As a result, torque formulas that can predict particle rotation to a satisfactory extent
without coupling with particle forces are required.

In this research, particle torques are calculated using formulas developed by Jeffery [31], which are
decoupled from particle forces for an ellipsoid in creeping flow (i.e. Rep< 1) [32]:

' 16mpad
N —_— M

Ty [(1 — 32, + (1+22) (w;y - w,;)] (10)
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_ 167'[[1.(131 2 ' 2 ' _ '
y = m [(A 1)dxz + (1 + A ) (sz (Uy)] (11)

32muai ' '
_ _S2muai (Wyx - a)z) , (12)

z 3(ap+A2 )

where strain rate [s7] is

' ou, AU,
d,=2(Hy (13)
T2 \ox; oy,
fluid rotation tensor [s?] is
' 1 U, 0U}-
w,.=-|——— (14)
Y 2 (6x. Bx.>
and ao, fo and yo are dimensionless parameters given by Gallily and Cohen [33]:

1

1 —(2-1)?
242(22-1)2+21n| =222
A+(22-1)2

g =Po = 3 (15)
2(A2-1)2
1 1
2(22-1)2+11n M}
Vo = A+(22-1)2 (16)
Az2— 1)2
The temporal evolution of the Euler’s parameters can be calculated as follows [25]:
d 1 : : '
f = 5(—elwx — e, — e3wz) a7
d 1
% = E(Q()(JJ 330) + €2w ) (18)
dez _ 19
" e3a) + eow elwz (19)
d 1
f = 2( ez(l) + elw + eow ) (20)

2.4. Computational methodology

The solver is developed using OpenFOAM 4.1, an open-sourced CFD platform, hereby referred to
as the NELLI solver [22]. The Euler numerical scheme (transient, first order implicit and bounded) is
used for time derivative terms. The standard finite volume discretization of Gaussian integration with

linear interpolation (with minor modifications) is used for gradient terms, divergence terms and
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Laplacian terms. Linear interpolation is applied for the interpolation schemes. Surface normal gradient
schemes are solved by corrected central differencing schemes. The standard k-epsilon model is
employed to simulate the flow fields. Coupling between particles and the fluid are achieved through
source terms as described in previous work [22]. Particle drag forces are two-way coupled unless
otherwise stated, particle torques are only one-way coupled. Particles are initialized and injected into
the flow field. The spheroid model is programmed as follows and illustrated in Fig. 1:
e Fluid velocities at particle locations are interpolated from values of cell centers that are
calculated by the Eulerian flow solver.
e Particle Euler’s parameters and transformation matrix are calculated based on particle
angular velocities and orientations (i.e. four Euler parameters).
e Particle drag forces are calculated based on fluid and particle velocities and transformation
matrix. As a result, particle velocities are updated.
e  Particle torques are calculated based on fluid velocity gradients and transformation matrix.

Particle orientations are updated accordingly.

Fig. 1

3. Model verifications and validations
The verifications and validations of the spheroid model are divided into two parts (torque and drag)

to ensure the correct implantation and the validity of the spheroid model.

3.1. Torque
Investigation of the torque implementation of the spheroid model is conducted by comparing with

simulation results obtained from DNS by Zhao et al. [34]. In both simulations, a single spheroidal
particle is placed in a simple shear flow in the xz-plane where the velocity gradient % issettobels

! The position of the particle is fixed, but the particle can rotate freely. This configuration is deliberately
chosen to avoid additional effects of particle drag force. Other properties of the particle and the flow

field are listed in Table 1. Kinematic viscosity of the fluid is arbitrary set to 0.1 m?/s for comparison.
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Table 1

As the spheroidal particle is not centrally symmetrical, initial orientation of the spheroidal particle
can play a role in particle orientation evolutions. Therefore, three different particles that are configured
with three different initial orientations are simulated. Their corresponding orientations in the inertial
frame are illustrated in Fig. 2. As shown in Fig. 2, the major axes of Spheroid 1, 2 and 3 are parallel to
the x-, z-, and y-direction of the inertial frame, respectively. It should be noted that the color in Fig. 2 is

to make the 3-dimensional particles visually friendly in a 2-dimensional print.

Fig. 2

Torque acting on the particle is dependent on fluid strain rate and rotation tensor, which are functions
of velocity gradients. Because particle angular velocities are directly coupled to particle torque, the
torque of the spheroid model can be verified by investigating the particle angular velocity for different
orientations. The temporal evolutions of particle angular velocities in particle frame of Spheroid 1 and
2 are presented in Fig. 3 (a) and (b), respectively. In Fig. 3, the legend “DNS” represents that simulations
are solved by direct numerical simulations (DNS) [34], whereas, the legend “NELLI” refers to that
simulations are solved by the spheroid model with the aforementioned in-house solver NELLI [22]. In
addition, x, y and z represent the component of the angular velocities in x-, y- and z-direction of particle
frame, respectively. In the case of Fig. 3 (a), the major axis of Spheroid 1 is parallel to the xz-plane
where velocity gradient exists, this makes the major axis of spheroidal particle easy to rotate around the
y-direction. In addition, since % is the only existing velocity gradient, as the spheroidal particle rotates,
particle torque reaches its highest value when the spheroidal particle’s major axis is parallel to z-
direction and lowest when the spheroidal particle’s major axis is parallel to x-direction. Therefore, it can
be expected that particle angular velocities in x- and z-direction in the particle frame are close to zero,
but periodic fluctuations of particle angular velocities of y-direction in particle frame exist. Similar

trends can be seen in the case of Spheroid 2 (Fig. 3 (b)) but showing periodic fluctuations in x-direction.
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In the case of Spheroid 3, the major axis of spheroidal particle is perpendicular to the xz-plane, this
makes the particle easy to rotate around the particle major axis at constant speed. As a result, particle
angular velocities of x-, y- and z-direction in particle frame remain constant around 0, 0 and 0.5 rad/s,
respectively. In all cases, excellent agreement is achieved between results solved by DNS and the solver

developed with the spheroid model thereby verifying the correct implementation of the particle torque.

Fig. 3

The torque formulas used above are originally developed for an ellipsoid in creeping flows (i.e. Rep
< 1) [32], however the validity of the model in turbulent flow has been proven by Ravik et al. [35]. In
their study, DNS simulations were conducted to assess the elongated particle torque under turbulent
conditions. Only an approximately four percent root mean square (rms) error associated with Jeffery
torques was found under the condition where Stokes number is 1 and ratio of particle length to
Kolmogorov scale is 1. They also showed that the error decreases as particle inertia increase, but the
error increases exponentially as the ratio of particle length to Kolmogorov scale increases to 8. The error
exhibits a plateau trend for particles with even longer length. Therefore, we would assume that it is
acceptable to apply these torque formulas into CFD simulations of entrained flow gasification process

of pulverized biomass where the flow is turbulent.

3.2. Drag

To verify the implementation of particle drag and fluid-particle two-way coupling, test cases are
configured based on the experimental work of Lau et al. [36], in which spherical particles (with less than
5% standard deviation) are injected via a jet flow into a wind tunnel. As shown in Fig. 4, a semi-two-
dimensional cyclic symmetric 1 m x 0.3 m domain (one layer of cell in y-direction) is used to closely
mimic the experiment. The circumferential angle is 2° and the nozzle radius is 6.35 mm. The flow and

particle properties are listed in Table 2.

Fig. 4
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Table 2

The particle loading factor in the experiments is 0.4. It is in the range where interactions among
particles can be ignored but interactions between particles and the fluid must be considered. In other
words, it is within the regime where two-way coupling should be included in the simulations [36] [37].
The particles in the experiments deviate less than 5% from spherical particles and hence the particles in
the simulations are configured as spheroids with aspect ratio of 1.001. Thus particles in both experiments
and simulations can be considered spherical, which in turn makes it reasonable to assume particle
orientation effects are less pronounced due to the central symmetric characteristics of spheres.

Four simulation cases are carried out. Two of them are solved by employing the sphere model (as
described in Section 2.1), whereas the other two are solved by employing the spheroid model (as
described in Section 2.2). Normalized centerline velocity profiles (Uc/U., Uc is the centerline velocity
and Uk, is the centerline velocity at the x/d = 0) of the particles can be seen in Fig. 5, where simulations
using one-way coupling method (a) and two-way coupling method (b) are shown. Additionally,
experimental data from Lau et al. [36] is present as well. Due to rapid mixing as the flow develops,
particle centerline velocity decreases as x/Dje increases. It can be seen that there are good agreements
between the sphere model and the spheroid model in both one-way and two-way coupled cases. This
implies that the spheroid model can regress well to the sphere model. However, when comparing
simulation results with experimental data, discrepancies are found in the one-way coupled cases while
there are better matches in the two-way coupled cases. Normalized particle centerline velocities decay
faster in the one-way coupled cases than the two-way couple cases and experiments. Particles have
larger inertia than the fluid, hence the particle velocities decay slower than the fluid causing particle
velocities to be higher than the fluid velocity in the beginning. In one-way coupled cases, the fluid is
not accelerated by the particle. As a result, differences in velocity between the particle and the fluid in
one-way coupled cases are larger than for the two-way coupled cases. This leads to larger drag forces
acting on particles in the one-way coupled cases, thus causing faster normalized particle centerline

velocity decays compared to the two-way coupled cases and the experiments. It can also be observed
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that there are no major differences when comparing experimental data and two-way coupled simulation
results from the sphere model and the spheroid model, thus verifying the implemented particle drag

model for spheroids.

Fig. 5

The simulation results above also indicate the drag formula is applicable to spherical particles. To
further test the validity of the drag formula, simulations are carried out to compare the drag force
coefficients from Madhav and Chhabra [38]. In their work, they conducted experiments of needle-
shaped steel particle (particle density is 7484 kg/m?®, aspect ratio ranges from 27.35 to 39.53) free falling
in tubes of silicone oil (density is 975 kg/m? and dynamic viscosity is 0.97 Pa-s) and they mapped drag
coefficient-Reynolds number relations. We arbitrarily set up particle (with aspect ratio of 33.53)
Reynolds numbers in the codes and compare particle drag coefficients calculated by the codes and data
from Madhav and Chhabra [38]. The results are shown in Fig. 6, in which the label “Exp.” represents
experimental data extracted from Madhav and Chhabra [38], whereas, Cpx, Cpy and Cp, are simulated
particles drag coefficients produced by the spheroid model in the x-, y- and z-direction of particle frame,
respectively. There are three drag force coefficients from the current study. This is due to how the
spheroid model is implemented in the OpenFOAM platform. As previously mentioned in Section 2.3.1,
particle drags are first calculated in the x-, y- and z-direction of particle frame separately, then converted
to the format of vectors in the inertia frame. It can be seen from Fig. 6 that the simulated drag coefficients
are close to the ones of experiments, thus validating the drag force formulas of the spheroid model. It
also can be seen that Cpx and Cp, are the same, but they are different from Cp .. This is because that the
cross-sectional areas of spheroid particles in the x- and y-direction of particle frame are the same, but

they are different from the ones in the z-direction.

Fig. 6
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4. Application to a simplified entrained flow gasifier
4.1. Simulation setup

The validated solver is employed to simulate particle-laden flows in a realistic gasifier configuration.
Simonsson et al. [39] reported an atmospheric entrained flow gasifier experiment with stem wood and
peat as fuels. A similar but somewhat simplified simulation setup is configured as seen in Fig. 7, where
the simulation domain consists of two parts, i.e. a reactor and a burner inlet. The reactor is a cylinder
with a length of 1 m and a diameter of 0.5 m. The burner inlet is also in cylinder shape with a length of
0.1 m. There are two air registers in the burner inlet. The primary air (orange part in Fig. 7), together
with biomass fuels, is transported into the central cylinder tube of 50 mm diameter (hereafter referred
as D). The secondary air is introduced via an annular pipe (blue part in Fig. 7, inner diameter 52 mm,

outer diameter 56 mm) positioned outside the central tube.

Fig. 7

Table 3 summarizes the fluid and particle properties. Operating parameters are set to that of the
condition of wood swirl burner operated at equivalence ratio 0.5 [39]. Both swirl and non-swirl
conditions are realized by varying the direction of the secondary air, particles are simulated as spherical
particles and spheroidal particles with equivalent volume and aspect ratio of 10. In addition, spheroidal
particles are injected with three initial orientations as Spheroid 1, 2 and 3 as shown in Fig. 2. These three
orientations are evenly distributed and each of them makes up one third of the total particle mass flow.
Three hexahedral meshes of 224812, 425790 and 748512 cells have been used to test grid independence,
respectively. The axial velocities of the fluid (without particles) at the centerline and various axial
locations are compared. No significant difference between the latter two meshes is observed, but results
from the first mesh are clearly different from the latter two. Therefore, the mesh of 425790 cells (Fig.
8) is employed for further simulations. The time step for the simulation is 5x10 s. This work also uses
“StochasticDispersionRAS” model from OpenFOAM 4.x for turbulent dispersion simulation, the model
creates velocity perturbation randomly based on kinetic energy of turbulence and its general theory can

be found in [40].
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Table 3

Fig. 8

4.2. Results and discussions

In this subsection, simulation results are presented in the form of axial, radial, and tangential
profiles at different axial locations, z/D, along the flow. Here, D refers to the diameter of inner tube,
whereas r and z refer to radial and tangential coordinates, respectively. The results calculated from
different approaches under both swirl and non-swirl conditions are compared. Particle results presented
below are sampled over 50 time steps to ensure there are sufficient number of particles so that results

are statistically independent.

4.2.1. Axial velocity profile

Figure 9 shows axial velocities of fluid and particles velocity along the reactor radius at different
axial locations. In terms of fluid velocities in both swirl and non-swirl conditions, at the axial location
of z/D = 0, the peaks of axial velocities can be observed around radial location of r/D = 0.52-0.56 where
secondary air is injected. The axial location of z/D = 0 is where primary air and secondary air enter the
reactor from their respective tubes. As the flow develops further downstream, primary air and secondary
air start to mix. At axial location of z/D = 5, the locations of the peak of fluid axial velocity under both
swirl conditions move closer to the center in radial directions, instead of remaining around the radial
location where secondary air is injected. The peaks disappear further downstream and overall axial
velocities decrease at axial locations z/D = 10 and 15, where effects of secondary are much less
prominent and the fluid momentum decays due to rapid mixing of primary air and secondary air.

Particles are injected with the exact same velocity as the primary air at the inlet (z/D = -0.2).
Regardless of swirling conditions, particle axial velocities at the axial location of z/D = 0 only differs
slightly from the fluid velocity in the radial region where r/D is less than 0.5. Particles, which have the

same initial velocity as primary air, first accelerate (z/D = 5) and then slow down (z/D = 10 and 15)



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

Author’s Post-print version. Article published in Fuel: DOI: 10.1016/j.fuel.2018.10.137 Published
version: https://www.sciencedirect.com/science/article/pii/S0016236118318672

from upstream to downstream. It shows particles preserve similar trends when comparing to the fluid
profiles, but with a time delay. This is expected as particles here have larger inertia than the fluid. When
studying the differences at different swirling conditions, it can be observed that particles are distributed
over a wider range of radial locations in swirl conditions than non-swirl conditions, due to the swirl of

the fluid as will be further explained in Section 4.2.2.

Fig. 9

When comparing between the sphere model and the spheroid model, it can be seen from Fig. 9 that
the spherical particles have a much narrower axial velocity distributions than the spheroidal particles,
regardless of swirling conditions. The axial velocities of spherical particles concentrate in a narrow
region and this pattern continues from upstream to downstream. However, the axial velocities of
spheroidal particles become more divergent when they come downstream. A possible cause of such
differences between spherical and spheroidal particles could come from initial orientations of spheroidal
particle. Figure 10 presents a more detailed overview of particle axial velocities at axial location of z/D
= 15. For the simplicity, only the non-swirl conditions are shown. Particles of Spheroid 1 and Spheroid
3 have similar distribution patterns for axial velocity, ranging from 3 to 7 /s, whereas particles of Sphere
and Spheroid 2 are narrowly distributed around 5 and 6 m/s, respectively. The major axes of Spheroid
1 and 3 are perpendicular to the reactor axial direction, but is parallel in the case of Spheroid 2. Since
large gradients of fluid axial velocity exist in radial directions due to the configuration of inlet conditions,
particles of Spheroid 1 and Spheroid 3 are much easier to rotate than particles of Spheroid 2. As a result,
the cross-sectional area of a Spheroid 2 particle projected to the flow direction does not vary significantly
from one particle to another and little differences between particle axial velocities and drag forces exist
among particles of Spheroid 2.

Differences of averaged axial velocities of particles predicted by these three models can be observed
from upstream to downstream. One factor that contributes to such differences could be how different
models calculate particle projected cross-sectional areas to the flow when simulating particle drag forces.

The sphere model treats pulverized biomass particles as spheres of equivalent volumes, this means the
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particle projected cross-sectional areas to the flow remain constant. The simplified non-sphere model
use sphericity to compensate particle shape irregularities and thus making particle projected cross-
sectional areas to the flow being different than the ones calculated by the sphere model. Although the
simplified non-sphere model considers particles being non-spherical, the sphericity of a particle still
remains constant as long as the shape of the particle does not change. This indicates particles of different
orientations will have the same drag forces if other conditions are the same, which is not the case in
reality. The spheroid model takes one step further by considering particle orientations by calculating
particle torques and then modify particle drag forces. In this way, particles of different orientations will
have different drag forces when other conditions are the same. Furthermore, values of standard
derivation indicate how scattered or dispersed particles are. The different ways modelling particles could
also explain why the standard derivations of particle axial velocities predicted by the sphere model and
the simplified non-sphere model are in closer agreement than the spheroid model as clearly seen in Fig
9. Particles predicted by the spheroid model are more scattered from the other two models since the
spheroid model considers particle orientations and one particle may have very different temporal

development of orientations than another particle.

Fig. 10

The particle axial velocity is closely connected to particle residence time. In theory, particle residence
time, t, over a certain distance, L, is dependent on particle velocity development along the distance, U(L).

This can be expressed by

daL
t= IO (21)

Therefore, a higher axial velocity predicts a shorter residence time if other conditions are the same.
Particle ages along the reactor radius at different axial locations and swirling conditions are shown in
Fig. 11. Particle age refers to the time it takes for a particle to reach the position of the measurement
from the inlet, thus can be used as an indicator for particle residence time. From upstream to downstream,

particle age variations become bigger under both swirl and non-swirl conditions. This phenomenon is
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especially pronounced for spheroidal particles under swirl conditions. Given the same axial location,
particle ages, due to the differences of axial velocities, are also different along radial directions. It can
also be seen that particle ages vary more in the spheroid model than the sphere model, especially in swirl

cases. This is in agreement with patterns observed on particle axial velocities.

Fig. 11

4.2.2. Radial and tangential velocity profiles

Fig. 12

Figure 12 shows the particle and fluid radial velocity distribution along the reactor radius. The radial
velocity, Uy, is defined as the velocity component that is perpendicular to axial direction and parallel to
radial direction. In non-swirl cases, fluid radial velocities at axial location of z/D = 0 peak around the
radial location where secondary air is injected. This is due to the mixing of primary air and secondary
air in radial direction. Since the fluid has higher radial velocity than the particles, they are accelerated
by the fluid in the radial direction. As the flow develops further downstream, fluid radial velocity decays
rapidly due to fast mixing and remains small. However, particles have much higher inertia than fluid so
their radial velocities still increase. When there are swirls in the flow field, despite the fact that the fluid
has very similar radial velocity profile as in the non-swirl cases, particle radial velocities are different
from non-swirl cases. At axial location of z/D = 5, particle radial velocities increase along the radius in
the swirl cases whereas in the non-swirl cases velocities do not increase significant along the radius.
When there are swirls in the flow fields, particles have tangential velocities because of the swirling of
fluids. This creates the possibility for particles to have higher radial velocities. Particles must have
enough centripetal forces to keep circular motions at certain radius, otherwise, particles have centrifugal
motion, thus resulting velocities and displacements in radial directions. This is confirmed in Fig. 13,
where the particle and fluid tangential velocity distribution along reactor radius is presented. Tangential

velocity, U,, is defined as the velocity component that is perpendicular to axial direction and radial
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direction. In Fig. 13, when there is no swirl, from upstream to downstream, fluid tangential velocity
remains very small, particle tangential velocities on the other hand first start at 0 m/s then become
dispersed to a range of £0.5 m/s. One possible cause for this could be the fact that dispersion model is
applied in all simulations. The model creates velocity perturbation randomly, which gives particle
tangential velocities. In swirl cases, fluid tangential velocities can clearly be observed. In the upstream
of z/D = 0, fluids have the highest tangential velocities at the location where secondary air is injected
into the reactor, as the flow develops to axial locations of z/D = 5, 10 and 15, fluid tangential velocities
decay due to rapid mixing of primary and secondary air. Particles tangential velocities, on the other hand,
remain concentrated around the vicinity of 0 m/s at the axial location of z/D = 0, then becomes
accelerated by the fluid at z/D = 5, then decay further downstream at z/D = 10 and 15. The slower
tangential velocity decays for particles compared to the fluid can be explained by the fact that particles
have larger inertia than fluids. Regardless of swirl conditions, the spheroid model predicts larger
standard deviations of radial and tangential velocities than the other two models. This trend is similar to
what is observed in axial velocity profiles and could be explained in a similar way as stated in Section

4.2.1.

Fig. 13

Figure 14 shows particle concentrations at swirl conditions using the classical sphere model and the
implemented spheroid model. A cross-sectional space of z/D = +0.05 in axial direction is sampled at
z/D = 5, 10 and 15, respectively. Then each cross-sectional space is evenly divided into 50x50 unit
spaces in the xy-plane. The color bar indicates the local concentration of particle i.e. number of particles
per unit space. In the upstream region (z/D = 5), both the sphere model and spheroid model give very
similar results that particles are concentrated in the center. As the particles develop with the flow to
further downstream, particles spread out. Many particles can be still observed around the center in the
simulation using the sphere model further downstream (z/D = 15), whereas a more evenly distributed

particle profile can be found in the results using spheroid model. This is in agreement with the



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

Author’s Post-print version. Article published in Fuel: DOI: 10.1016/j.fuel.2018.10.137 Published
version: https://www.sciencedirect.com/science/article/pii/S0016236118318672

aforementioned expectation that spheroidal particles are more dispersed and thus locally less

concentrated.

Fig. 14

4.2.3. Expected implications of model for non-spherical under reactive conditions

The observed phenomena in the cold flow simulation has also implications for the CFD simulations
of biomass conversion using Eulerian-Lagrangian method. For example, when simulating the entrained
flow gasification of biomass, where swirl conditions are typically expected, there can be significant
differences between simulations using the sphere assumption and the spheroid assumption. Spheroidal
particles have larger surface areas than spherical particles of the same volume. This makes heating up
spheroidal particles easier than spherical particles in the same environment. A faster heating process
could prompt the conversion of biomass particles, especially the endothermic drying process, and
consequently using a spherical model approach may underestimate this. Furthermore, in an entrained
flow gasifier, some volatile gases released from the fuel reacting with oxygen to provide heat for the
gasification reactions. Reactants must be mixed on a microscale level and be present in the reactive
mixture for a certain period of time in order to undergo thermal conversion [23]. In other words, local
species concentrations and residence times are determining factors of the chemical reactions. As found
in the cold flow simulation, spheroidal particles are clearly more dispersed than spherical particles under
swirl conditions. Simulations lusing the spherical particle model may underpredict the mixing of volatile
gases and oxygen, thus presumably leading to a slower combustion of volatile gases. Apart from gas
phase reactions, the choice of sphere or spheroid model also affects gas-solid phase reactions. The
traditional spherical particle model may produce more concentrated char clusters and thus resulting a
slower conversion process. Similar analysis can also be conducted for the simplified non-sphere model,
as it predicts less scattered results in terms of particle velocities when compared to the spheroid model.
However, it should be noted that in the later stage of the entrained flow gasification of biomass, as
biomass particles react and convert, shapes of biomass particles become more and more spherical as

evidenced in [5]. Particle size changes can affect the particle aspect ratio. It also may influence
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pulverized biomass particle size distribution in the flame as this is the case for coal [41]. Nevertheless,
the overall implications of replacing spherical particle models with spheroid particle models are in need

for further studies under reactive conditions, which is the next step of our research.

5. Conclusions

This work presents a detailed implementation of the spheroid particle model for simulating
pulverized biomass particle. The spheroid particle model is implemented into an Euler-Lagrange CFD
solver in OpenFOAM and is verified and validated against DNS and experiments. Non-reactive test
cases are executed to predict particle behaviors in a configuration similar to an entrained flow gasifier.
When comparing to simulations by using the sphere model and the simplified non-sphere model, the
spheroid model shows different results in terms of particle axial, radial and tangential velocities. Larger
standard deviations of particle velocities are also observed in the case of the spheroid model. This could
be caused by the fact that the spheroid model takes particle orientations into account while the other two
models do not. Moreover, under swirling conditions, the spheroid model gives more diverse particle
concentrations and residence times than the traditional sphere model. All the above indicates that using
the spheroid model could have major influences on reactive simulation and this should be further

investigated.
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Nomenclature

Notation Description

A transformation matrix

a spheroid minor axis [m]

Bi, Bz, B3, B4 model coefficient based on particle sphericity
Co drag force coefficient

c spheroid major axis [m]

D central tube diameter in model application [m]
Djet jet diameter in drag model verification [m]
D, particle diameter [m]

djj deformation rate [s]

€0, €1, €2, €3 Euler parameters

Fo particle drag force [N]

| particle moment of inertia [kg-m?]

i,j, k tensor notation indices
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mp particle mass [kg]

N particle torque [N-m]

Rep particle Reynolds number

r radial coordinates [m]

t time [s]

Uc centerline velocity [m/s]

Ue jet exit velocity [m/s]

Us fluid velocity [m/s]

Up particle velocity [m/s]

Uy radial velocity [m/s]

U, axial velocity [m/s]

U, tangential velocity [m/s]

Wij spin tensor [s]

X inertial frame

x’or’ particle frame

x’or”’ co-moving frame

XY, Z coordinates in x-, y-, z-direction, respectively [m]
ao, Po, Yo dimensionless parameters

A particle aspect ratio

i fluid dynamic viscosity [N-s/m?]
Vi fluid kinematic viscosity [m?/s]
pi fluid density [kg/m?®]

¢ sphericity

?, lengthwise sphericity

b, crosswise sphericity

1) angular velocity
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Fig. 3 Angular velocity profile of (a) Spheroid 1 and (b) Spheroid 2. “DNS” and “NELLI”
represent simulations are solved by the DNS [34] and the spheroid model with the aforementioned in-
house solver NELLI [22], respectively; x, y and z represent the component of the angular velocities in

X-, y- and z-direction of particle frame, respectively.
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Fig. 4 Simulation domain of the particle-laden jet (unit: mm). The length of the domain is 2000mm
and the radius is 300mm. Nozzle radius is 6.35 mm.
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Fig. 5 Particle centerline velocity profile for one-way coupling (left) and two-way coupling (right).
“Sim.1” and “Sim.2” stand for simlautions employing spheres and spheroids with aspect ratio close to
1 respectively, “Exp.” represents experiments.
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Fig. 6 Calculated drag coefficients for the three spatial directions compared to experimentally
obtained drag force coefficient as function of Reynolds numbers.
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740 Fig. 7 Simulation domain of a simplified entrained flow reactor (Left: front view of the whole
741 domain; right: inlet. Unit: mm)
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743
744 Fig. 8 Mesh of the simplified entrained flow gasifier
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Fig. 9 Particle and fluid axial velocity distribution along reactor radius at different heights along the
reactor (vertical) for non-swirl and swirl conditions (horizontal). Solid line: fluid or averaged particle
velocity; dash line: standard deviation of particle velocity; scatter: particle velocity. Purple: fluid; red:

the sphere model; blue: the simplified non-sphere model; green: the spheroid model.
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754 means results are predicted by the spheroid model and “sphere” means results are predicted by the
755 sphere model, the number indicates the initial orientations of spheroidal particles as stated in Fig. 2.
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758 Fig. 11 Particle ages along reactor radius at different heights along the reactor (vertical) for non-
759 swirl and swirl conditions (horizontal). Solid line: averaged particle age; dash line: standard deviation
760 of particle age; scatter: particle age. Red: the sphere model; blue: the simplified non-sphere model;
761 green: the spheroid model.
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764 Fig. 12 Particle and fluid radial velocity distribution along reactor radius at different heights along
765 the reactor (vertical) for non-swirl and swirl conditions (horizontal). Solid line: fluid or averaged
766 particle velocity; dash line: standard deviation of particle velocity; scatter: particle velocity. Purple:
767 fluid; red: the sphere model; blue: the simplified non-sphere model; green: the spheroid model.
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Fig. 13 Particle and fluid tangential velocity distribution along reactor radius at different heights
along the reactor (vertical) for non-swirl and swirl conditions (horizontal). Solid line: fluid or averaged
particle velocity; dash line: standard deviation of particle velocity; scatter: particle velocity. Purple:
fluid; red: the sphere model; blue: the simplified non-sphere model; green: the spheroid model.
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776 Fig. 14 Reactor cross-section indicating particle concentrations of swirl conditions at different
777  heights along the reactor (vertical) for the spherical and spheroidal particles (horizontal). The color bar
778 indicates the local concentration of particle i.e. number of particles per unit space, “sphere” and
779 “spheroid” means they are predicted by the sphere model and the spheroid model, respectively.
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Table 1 Particle and fluid properties for model verification of torque

Unit  Value
Particle aspect ratio - 10
Particle radius of minor axis m 0.001
Particle Stokes number (defined in [42]) - 10
Density ratio of particle to fluid - 1000
Kinematic viscosity of fluid m?/s 0.1
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Table 2 Particle and fluid properties for model verification of drag

Unit Experiments by Lau et al. [36] Simulation

20 a=20,
Particle diameter pm

(with standard deviation less than 5%) c¢=1.001a
Particle mass loading factor - 0.4 0.4
Jet exit diameter, Dje mm  12.7 12.7
Jet bulk velocity m/s 12 12
Jet-to-co-flow velocity ratio - 12 12
Stokes number (defined in [43]) - 1.4 1.4
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Table 3 Simulation configurations for the simplified entrained flow reactor

Unit ~ Noswirl  Swirl
Air density kg/m® 1.205 1.205
Primary air volume flow rate L/min 535 535
Secondary air volume flow rate  L/min 410 410
Secondary air rotation speed RPM 0 3172
Particle density kg/m® 650 650
Particle equivalent diameter pum 250 250
Particle mass flow rate kg/h  20.2 20.2




