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Abstract 8 

Pulverized biomass has great potential to replace coal in the many industrial systems such as suspension-9 

firing furnace and entrained-flow gasifier. The shape of pulverized biomass deviates significantly from 10 

the quasi-spherical coal particle. However, it is common to simulate pulverized biomass particles as 11 

spheres as most biomass models are developed based on coal models. With the aim to obtain a more 12 

realistic simulation of pulverized biomass, this work extends the treatment of pulverized biomass to 13 

spheroids. A spheroid model that accounts for spheroidal particle drag force and torque is implemented 14 

into an Eulerian-Lagrange computational fluid dynamic solver. Comprehensive verifications and 15 

validations are performed by comparing with experiments and direct numerical simulations. 16 

Furthermore, non-reactive simulations of a lab-scale entrained flow gasifier are carried out using both 17 

the conventional spherical particle model, simplified non-sphere model, and the implemented detailed 18 

spheroidal particle model. By studying the simulation results of particle and fluid velocities in axial, 19 

radial and tangential directions, differences are observed when comparing the sphere model, the 20 

simplified non-sphere model, and the spheroid model. The spheroid model also indicates that particle 21 

orientation, which is ignored in the sphere model and the simplified non-sphere model, plays a role in 22 

the behavior of the particle dynamics. It is also found that, under such conditions, the spheroid model, 23 

compared to the sphere model, yields a more dispersed distribution regarding the particle residence time 24 

and local concentration. These non-reactive simulation results imply that shortcomings may exist in the 25 

common practice of simulating conversion of pulverized biomass in which the sphere model or the 26 

simplified non-sphere model is applied.  27 
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 29 

1. Introduction 30 

In order to address the increasing concerns related to the use of fossil fuels for both heat and power 31 

as well as fuel production [1], it is of interest to investigate the sustainable use of alternative fuels to 32 

replace traditional fossil fuels. One viable option is to utilize biomass. For example, liquid biofuels can 33 

be produced via entrained flow gasification. In this process, pulverized biomass is gasified in an 34 

entrained flow gasifier and the produced bio-syngas is further converted into liquid hydrocarbons by 35 

Fischer-Tropsch synthesis [2]. 36 

Due to the fibrous nature of bio-based feedstock, pulverized biomass particles come in various 37 

shapes. For example, scanning electron microscope images of Norwegian spruce and forest residuals 38 

show that particles are mainly large needle-like oblongs [3]. Gubba et al. [4] presented electron 39 

microscopy images of milled wood and palm kernel expeller and showed particle shapes varying from 40 

cylinders, spheres, slabs and other irregular shapes. Panahi et al. [5] published optical microscope 41 

photographs of pulverized Miscanthus and Beechwood particles and showed that most of them are 42 

cylinder-like in shape. Despite the shape of pulverized biomass particles being non-spherical, the 43 

majority of research up until recently use spheres to represent pulverized biomass particles in 44 

computational fluid dynamic (CFD) simulations [6][7][8]. This simplification may lead to several 45 

problems related to the predictability of such models for larger applications. To begin with, given the 46 

same flow field, spherical and non-spherical particles have different hydrodynamic behavior due to the 47 

difference in hydrodynamic drag and torque. Drag forces are dependent on particle cross-sectional areas 48 

projected to flow directions. Values of the particle cross-sectional projected area vary in the case of non-49 

spheres as they will rotate, but cross-sectional projected areas remain constant for spheres. Furthermore, 50 

particle torques, which are often ignored in simulations of spheres due to central symmetry, have to be 51 

included in simulations when particles are non-spherical to account for particle rotations. In addition to 52 

hydrodynamic considerations, the particle heat and mass transfer of non-spheres are likely to be different 53 

from spheres. These are all factors that have influence on particle trajectories, residence times, heat 54 

transfer, and temporal developments of particle conversion. Without considering these aforementioned 55 
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effects, simulations employing the spherical particle assumption would fail to capture details of the 56 

thermal conversion of pulverized biomass observed in experiments.  57 

To remedy these issues, efforts have been made to investigate the behavior of non-spherical particles 58 

in flow systems. From particle hydrodynamics perspective, Zhang et al. [9] carried out numerical 59 

investigations of particle dispersion in detail and found that particle shapes affects the dispersity. 60 

Wachem et al. [10] simulated spherical, ellipsoidal, disc and fiber shaped particles in turbulent channel 61 

flow with large Stokes numbers and mass loading factor of unity. Their study shows that non-spherical 62 

particles are most stable when their longest axes are perpendicular to the flow, which makes them having 63 

higher average velocities than spherical particles with equivalent volume. These works all contributed 64 

to the understanding of the differences of dynamics between spherical and non-spherical particles. One 65 

important force affecting the dynamics of a non-spherical particle is the drag force. Numerical studies 66 

on modelling drag forces of non-spherical particles can be generally classified into two categories. The 67 

first approach is to use simple shape factors (such as particle sphericity) to account for the irregular 68 

shapes of non-spherical particles and then to modify the drag coefficients based on the said shape factors. 69 

However, such method does not consider the effects of particle orientations. A typical example of this 70 

approach is the simplified non-sphere model developed by Haider and Levenspiel [11], which has been 71 

implemented into many mainstream CFD solvers including Ansys Fluent and OpenFOAM. This is one 72 

of the most commonly used model that takes account the shape of a particle and has been used in a 73 

handful CFD studies of modelling biomass [12][13]. Another approach of modelling the drag forces of 74 

non-spherical particle is to include the effects of particle orientations. This could be done either by 75 

introducing inclination angle (angle between particle major axis and flow direction) as in the work of 76 

Rosendahl [14] or making particle sphericity or drag coefficient dependent on particle orientations as in 77 

the work of Hölzer and Sommerfield [15].  In addition, attention has been paid to heat and mass transfer 78 

processes of non-spherical particles. Schiemann et al. [16] studied particle shape effects on char burning 79 

kinetics using imaging pyrometry, and it was concluded that particle shapes should be taken into account, 80 

otherwise it could leads to miss-interpretation of char burning rate. Vorobiev et al. [17] further included 81 

the influence of Stefan flow to study burning rates of torrefied biomass. A comprehensive model for 82 

char burnout kinetic that considers Stefan flow effects was presented in their paper. They reported that 83 
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effects of Stefan flow are more pronounced in small particles with large aspect ratios. Grow [18] 84 

investigated heat and mass transfer for an ellipsoidal particle and showed that, in the case of diffusion 85 

controlled combustion, the average combustion rate of ellipsoidal particles are only slightly higher than 86 

spherical particle of the same surface area. This is confirmed by Li and Zhang [19] who conducted a 87 

theoretical study on spheroidal char particles under forced convection conditions and it was found that, 88 

in both diffusion controlled and diffusion-kinetic controlled cases, combustion rates increase with 89 

particle aspect ratios. 90 

Although there is significant progress in research on simulating particles of non-spherical shape, 91 

studies concerning particle-laden jets using detailed description of spheroidal particle models in a reactor 92 

for thermochemical conversion of biomass are rare. To better simulate entrained flow gasification of 93 

pulverized biomass, a cold flow study with a more realistic approximation of the particle shape is hereby 94 

presented as a first step in this work. A spheroid model is implemented into a Eulerian-Lagrangian CFD 95 

solver using the open source CFD platform, OpenFOAM [20]. In this spheroid model, pulverized 96 

biomass particles are treated as needle-like spheroids. The drag force and torque acting on the particle 97 

are all taken into account. Since the proposed CFD solver includes particle torque calculations, the 98 

effects of particle orientations can be studied. This makes the proposed spheroid model different than 99 

other CFD studies works where biomass particles as are simulated as non-spheres but particle 100 

orientations are not considered [12][13]. Furthermore, although the general trend of particle motions by 101 

assuming pulverized biomass particles as spheroids instead of spheres is easy to predict by qualitative 102 

analysis, quantitative information of differences between these approaches are rarely found in open 103 

literatures. The current research meets this need by presenting a comprehensive comparison of particle 104 

dynamics calculated from different models. 105 

The logical development of this work and the structure of this paper is as follows. The theoretical 106 

foundation is explained in Section 2. In Section 3, the verifications and validations of the implemented 107 

spheroid model are discussed in two parts: torque and drag. With the validated model, cold flow 108 

simulations of a simplified entrained flow gasification reactor are executed in Section 4, where particle 109 

and fluid velocities in axial, radial and tangential directions are analyzed and results are compared 110 
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among those of the sphere model, the simplified non-sphere model and the spheroid model. Particle 111 

residence times and concentrations are also studied. Finally, Section 5 summarizes the conclusions. 112 

 113 

2.  Mathematical modelling 114 

Eulerian-Eulerian and Eulerian-Lagrangian models are often employed when simulating dispersed 115 

two-phase flows [21]. Eulerian-Eulerian models treat all phases, including particles or particle bundles, 116 

as continuous phases and their momentum and continuity equations are solved for each phase [21]. This 117 

approach greatly saves computational cost but cannot provide information of any specific particle or 118 

particle bundle [21]. Different from Eulerian-Eulerian models, Eulerian-Lagrangian models treat only 119 

the fluid phase as continuous phase but the dispersed phase is treated as discrete phase [22]. As a result, 120 

an Eulerian-Lagrangian approach is chosen in this study in order to investigate particle behavior on both 121 

collective and individual levels. When Eulerian-Lagrangian models are applied, one important aspect 122 

that should be considered is the coupling between the continuous phase and the dispersed phase, namely 123 

one-way, two-way or four-way coupling; one-way coupling only accounts for the influence of the fluid 124 

on the particles, but neglects the particles influence on the fluid and intra-particle interactions; two-way 125 

coupling considers the interactions between the fluid and the particles, but neglects the intra-particle 126 

interactions; four-way coupling includes interactions between the particles and the fluid, as well as intra-127 

particle interactions [23]. The method of coupling in the present work is explained in Section 2.4. Below 128 

outlines the theory of particle models accounting for the drag force and torque used in this work. It 129 

should be noted that only drag and buoyant (including gravity) forces that act on the particles are 130 

considered in this work. Other forces such as virtual mass force  are neglected as they are not important 131 

under conditions of interest where particles are relatively small and particle to fluid density is large [23]. 132 

 133 

2.1. The sphere model 134 

Various drag models are available in open literature, for example the distorted sphere drag model by 135 

Liu et al. [24]. Here, the following sphere drag model (originally implemented in OpenFOAM [20] 4.x 136 

“SphereDragForce.C”, based on [23] with modifications) is used as an example to represent the common 137 

practice that pulverized biomass particles are simulated as spheres in CFD. 138 
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In this particle drag model, the drag force is defined as, 139 

 𝐹𝐷 =
3

4
𝑚𝑝𝜇𝑓𝐶𝐷(𝑈𝑓−𝑈𝑝)

𝜌𝑓𝐷𝑝
2  (1) 140 

 𝐶𝐷 = {

0.424𝑅𝑒𝑝, 𝑅𝑒𝑝 < 1000

24 (1 +
1

6
𝑅𝑒𝑝

2

3) , 𝑅𝑒𝑝 ≥ 1000
 (2) 141 

 𝑅𝑒𝑝 =
|𝑢𝑓−𝑢𝑝|𝐷𝑝

𝜈𝑓
, (3) 142 

where FD is particle drag force [N], mp is particle mass [kg], μf is fluid dynamic viscosity [N·s/m2], CD 143 

is drag force coefficient, Uf is fluid velocity [m/s], Up is particle velocity [m/s], ρf is fluid density [kg/ 144 

m3], Dp is particle diameter [m], Rep is particle Reynolds number and νf is fluid kinematic viscosity 145 

[m2/s]. Note that the torque acting on the spherical particle is not calculated, so the rotation of particle 146 

is not considered. 147 

 148 

2.2. The simplified non-sphere model 149 

As previously stated, one of the most commonly used model that takes account the shape of a 150 

particle is the simplified non-sphere model developed by Haider and Levenspiel [11]. This simplified 151 

non-sphere model introduces a so-called shape factor (particle sphericity) to differentiate particle shapes, 152 

which is defined as the ratio of surface area of a sphere of equivalent volume to surface area of the non-153 

spherical particle. Four model coefficients B1, B2, B3 and B4 are calculated based on this particle 154 

sphericity. The drag force coefficient then is formulated as: 155 

 𝐶𝐷 =
24

𝑅𝑒
(1 + 𝐵1 ∙ 𝑅𝑒𝐵2) +

𝑅𝑒∙𝐵3

𝑅𝑒+𝐵4
, (4) 156 

Although this model accounts for particle shapes, it still does not consider the orientations of the particle. 157 

 158 

2.3. Spheroid model 159 

In analytical geometry, a spheroid at origin point aligned along the coordinates can be described by 160 

 
𝑥2

𝑎2 +
𝑦2

𝑎2 +
𝑧2

𝑐2 = 1. (5) 161 

The aspect ratio is defined as 𝜆 =
𝑐

𝑎
  and 𝑎 and 𝑐 are the particle axial lengths [m]. A spheroid is referred 162 

to as a prolate ellipsoid when its aspect ratio is larger than one and an oblate ellipsoid when its aspect 163 
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ratio is less than one. When its aspect ratio equals to one, it regresses to a sphere. In this work, the term 164 

spheroid is used to referred to a prolate ellipsoid specifically. This correlates to the fact that pulverized 165 

biomass particles are usually needle-like and have large aspect ratios [3].  166 

When particles are non-spherical, it is of importance to include the particle rotation effects. Therefore, 167 

using an appropriate method to describe rotation in three-dimensional space is necessary. Three different 168 

Cartesian coordination frames in combination with an Euler rotation theorem are routinely used in 169 

previous studies for ellipsoid particles [25][26][27]. The three Cartesian frames are given as follows; 170 

𝒙 = (𝑥1, 𝑥2, 𝑥3)is the inertial frame, 𝒙′ = (𝑥1

′
, 𝑥2

′
, 𝑥3

′
) is the particle frame with its origin at the particle 171 

center and its principal axes being the spheroid particle’s principle axes. In addition, the co-moving 172 

frame, 𝒙′′ = (𝑥1

′′
, 𝑥2

′′
, 𝑥3

′′
), represents the frame whose origin is at the particle center but its axes are 173 

parallel to its corresponding axes of the inertial frame. 174 

According to Euler's rotation theorem, any rotation in a three-dimensional space can be defined by 175 

three angles, referred as Euler’s angles. One set of three Euler’s angles corresponds to one set of four 176 

Euler parameters, (e0, e1, e2, e3), and vice versa [28]. The transformation matrix, 𝑨, that can convert 177 

between co-moving frame and particle frame is [29] given by: 178 

 𝒙′ = 𝑨𝒙′′ (6) 179 

 180 

2.3.1.  Drag force of spheroid 181 

In this work, the drag model developed by Hölzer and Sommerfield [15] for spheroid particles is 182 

employed. Formulas for drag force and drag force coefficient are given as follows: 183 

 𝐹𝐷 =
1

2
𝐶𝐷𝜌𝑓𝐴𝑐(𝑈𝑓 − 𝑈𝑝)|𝑈𝑓 − 𝑈𝑝| (7) 184 

 𝐶𝐷 =
8

𝑅𝑒𝑝

1

√𝜙∥
+

16

𝑅𝑒𝑝

1

√𝜙
+

3

√𝑅𝑒𝑝

1

𝜙
3
4

+ 0.42400.4(− log 𝜙)0.2 1

𝜙⊥
, (8) 185 

where AC is particle cross-sectional area that is projected to the flow direction [m2]. In addition, 𝜙, 𝜙∥ 186 

and 𝜙⊥ represent sphericity, lengthwise sphericity and crosswise sphericity, respectively. They account 187 

for different particle shapes and orientations. Their detailed definitions can be found in the original 188 

reference [15]. The model is implemented in a way that includes sideward motion due to particle major 189 
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axis being inclined to flow direction (also known as “profile lift” in Mandø and Rosendahl [30]). Particle 190 

drag forces are calculated separately in the x-, y- and z-direction in particle frame then are assembled 191 

together as vectors in inertia frame, by that particle drag coefficients are calculated separately in the x-, 192 

y- and z-direction in particle frame according to Eq. (8). As a result, the directions of assembled drag 193 

force vectors in inertia frame could be different from particle-to-fluid slip velocities. It should be noted 194 

that Hölzer and Sommerfield [15] states that this formula considers particle orientations over the entire 195 

range of Reynolds numbers up to the critical Reynolds number, whose precise definition is not given in 196 

their paper. The model has therefore some shortcomings at certain high Reynolds conditions, which 197 

however will not be relevant in the present study. 198 

 199 

2.3.2. Torque of spheroid 200 

Particle rotations are governed by [26]: 201 

 𝐼
𝑖𝑗

′ 𝑑𝜔
𝑗

′

𝑑𝑡
− 𝜖𝑖𝑗𝑘𝜔

𝑗

′
𝐼𝑘𝑙

′
𝜔𝑙

′
= 𝑁

𝑖

′
, (9) 202 

where I is particle moment of inertia [kg·m2], ω is particle angular velocity [rad/s], t is time [s], N is 203 

particle torque [N·m], superscript ´ refers to the aforementioned frame 𝒙′, ε is the Levi-Civita symbol 204 

and subscript i, j, k refer to tensor notation indices. 205 

There are different ways to model particle torques. For example, two types of torques were 206 

considered in the work of Mandø and Rosendahl [30]. The first one is due to resistance and the second 207 

one is to offset the pressure center in relation to the geometry center of the particle. Both types of torques 208 

are coupled with particle forces in their work. In the present work, an alternative approach is used where 209 

particle torques are decoupled from particle forces and it is assumed that the particle geometry center is 210 

the pressure center. As a result, torque formulas that can predict particle rotation to a satisfactory extent 211 

without coupling with particle forces are required. 212 

In this research, particle torques are calculated using formulas developed by Jeffery [31], which are 213 

decoupled from particle forces for an ellipsoid in creeping flow (i.e. Rep < 1) [32]: 214 

 𝑁𝑥

′
=

16𝜋𝜇𝑎3𝜆

3(𝛽0+𝜆2𝛾0)
[(1 − 𝜆2)𝑑𝑧𝑦

′
+ (1 + 𝜆2) (𝑤𝑧𝑦

′
− 𝜔𝑥

′
)] (10) 215 
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 𝑁𝑦

′
=

16𝜋𝜇𝑎3𝜆

3(𝛼0+𝜆2𝛾0)
[(𝜆2 − 1)𝑑𝑥𝑧

′
+ (1 + 𝜆2) (𝑤𝑥𝑧

′
− 𝜔𝑦

′
)] (11) 216 

 𝑁𝑧

′
=

32𝜋𝜇𝑎3𝜆

3(𝛼0+𝜆2𝛽0)
(𝑤𝑦𝑥

′
− 𝜔𝑧

′
)  , (12) 217 

where strain rate [s-1] is 218 

  𝑑
𝑖𝑗

′
=

1

2
(

𝜕𝑈
𝑖

′

𝜕𝑥
𝑗

′
+

𝜕𝑈
𝑗

′

𝜕𝑥
𝑖

′
)  (13) 219 

fluid rotation tensor [s-1] is 220 

  𝑤
𝑖𝑗

′
=

1

2
(

𝜕𝑈
𝑖

′

𝜕𝑥
𝑗

′
−

𝜕𝑈
𝑗

′

𝜕𝑥
𝑖

′
)  (14) 221 

and α0, β0 and γ0 are dimensionless parameters given by Gallily and Cohen [33]: 222 

 𝛼0 = 𝛽0 =

2𝜆2(𝜆2−1)
1
2+𝜆 ln[

𝜆−(𝜆2−1)

1
2

𝜆+(𝜆2−1)

1
2

]

2(𝜆2−1)
3
2

 (15) 223 

 𝛾0 =

2(𝜆2−1)
1
2+𝜆 ln[

𝜆−(𝜆2−1)

1
2

𝜆+(𝜆2−1)

1
2

]

(𝜆2−1)
3
2

. (16) 224 

The temporal evolution of the Euler’s parameters can be calculated as follows [25]: 225 

 
𝑑𝑒0

𝑑𝑡
=

1

2
(−𝑒1𝜔𝑥

′
− 𝑒2𝜔𝑦

′
− 𝑒3𝜔𝑧

′
) (17) 226 

 
𝑑𝑒1

𝑑𝑡
=

1

2
(𝑒0𝜔𝑥

′
− 𝑒3𝜔𝑦

′
+ 𝑒2𝜔𝑧

′
) (18) 227 

 
𝑑𝑒2

𝑑𝑡
=

1

2
(𝑒3𝜔𝑥

′
+ 𝑒0𝜔𝑦

′
− 𝑒1𝜔𝑧

′
) (19) 228 

 
𝑑𝑒3

𝑑𝑡
=

1

2
(−𝑒2𝜔𝑥

′
+ 𝑒1𝜔𝑦

′
+ 𝑒0𝜔𝑧

′
). (20) 229 

 230 

2.4.  Computational methodology  231 

The solver is developed using OpenFOAM 4.1, an open-sourced CFD platform, hereby referred to 232 

as the NELLI solver [22]. The Euler numerical scheme (transient, first order implicit and bounded) is 233 

used for time derivative terms. The standard finite volume discretization of Gaussian integration with 234 

linear interpolation (with minor modifications) is used for gradient terms, divergence terms and 235 
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Laplacian terms. Linear interpolation is applied for the interpolation schemes. Surface normal gradient 236 

schemes are solved by corrected central differencing schemes. The standard k-epsilon model is 237 

employed to simulate the flow fields. Coupling between particles and the fluid are achieved through 238 

source terms as described in previous work [22]. Particle drag forces are two-way coupled unless 239 

otherwise stated, particle torques are only one-way coupled. Particles are initialized and injected into 240 

the flow field.  The spheroid model is programmed as follows and illustrated in Fig. 1: 241 

• Fluid velocities at particle locations are interpolated from values of cell centers that are 242 

calculated by the Eulerian flow solver. 243 

• Particle Euler’s parameters and transformation matrix are calculated based on particle 244 

angular velocities and orientations (i.e. four Euler parameters). 245 

• Particle drag forces are calculated based on fluid and particle velocities and transformation 246 

matrix. As a result, particle velocities are updated. 247 

•  Particle torques are calculated based on fluid velocity gradients and transformation matrix. 248 

Particle orientations are updated accordingly. 249 

 250 

Fig. 1 251 

 252 

3. Model verifications and validations 253 

The verifications and validations of the spheroid model are divided into two parts (torque and drag) 254 

to ensure the correct implantation and the validity of the spheroid model. 255 

 256 

3.1. Torque 257 

Investigation of the torque implementation of the spheroid model is conducted by comparing with 258 

simulation results obtained from DNS by Zhao et al. [34]. In both simulations, a single spheroidal 259 

particle is placed in a simple shear flow in the xz-plane where the velocity gradient  
𝑑𝑢𝑥

𝑑𝑧
 is set to be 1 s-260 

1. The position of the particle is fixed, but the particle can rotate freely. This configuration is deliberately 261 

chosen to avoid additional effects of particle drag force. Other properties of the particle and the flow 262 

field are listed in Table 1. Kinematic viscosity of the fluid is arbitrary set to 0.1 m2/s for comparison. 263 
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 264 

Table 1 265 

 266 

As the spheroidal particle is not centrally symmetrical, initial orientation of the spheroidal particle 267 

can play a role in particle orientation evolutions. Therefore, three different particles that are configured 268 

with three different initial orientations are simulated. Their corresponding orientations in the inertial 269 

frame are illustrated in Fig. 2. As shown in Fig. 2, the major axes of Spheroid 1, 2 and 3 are parallel to 270 

the x-, z-, and y-direction of the inertial frame, respectively. It should be noted that the color in Fig. 2 is 271 

to make the 3-dimensional particles visually friendly in a 2-dimensional print.  272 

 273 

Fig. 2 274 

 275 

Torque acting on the particle is dependent on fluid strain rate and rotation tensor, which are functions 276 

of velocity gradients. Because particle angular velocities are directly coupled to particle torque, the 277 

torque of the spheroid model can be verified by investigating the particle angular velocity for different 278 

orientations. The temporal evolutions of particle angular velocities in particle frame of Spheroid 1 and 279 

2 are presented in Fig. 3 (a) and (b), respectively. In Fig. 3, the legend “DNS” represents that simulations 280 

are solved by direct numerical simulations (DNS) [34], whereas, the legend “NELLI” refers to that 281 

simulations are solved by the spheroid model with the aforementioned in-house solver NELLI [22]. In 282 

addition, x, y and z represent the component of the angular velocities in x-, y- and z-direction of particle 283 

frame, respectively. In the case of Fig. 3 (a), the major axis of Spheroid 1 is parallel to the xz-plane 284 

where velocity gradient exists, this makes the major axis of spheroidal particle easy to rotate around the 285 

y-direction. In addition, since 
𝑑𝑢𝑥

𝑑𝑧
 is the only existing velocity gradient, as the spheroidal particle rotates, 286 

particle torque reaches its highest value when the spheroidal particle’s major axis is parallel to z-287 

direction and lowest when the spheroidal particle’s major axis is parallel to x-direction. Therefore, it can 288 

be expected that particle angular velocities in x- and z-direction in the particle frame are close to zero, 289 

but periodic fluctuations of particle angular velocities of y-direction in particle frame exist. Similar 290 

trends can be seen in the case of Spheroid 2 (Fig. 3 (b)) but showing periodic fluctuations in x-direction. 291 
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In the case of Spheroid 3, the major axis of spheroidal particle is perpendicular to the xz-plane, this 292 

makes the particle easy to rotate around the particle major axis at constant speed. As a result, particle 293 

angular velocities of x-, y- and z-direction in particle frame remain constant around 0, 0 and 0.5 rad/s, 294 

respectively. In all cases, excellent agreement is achieved between results solved by DNS and the solver 295 

developed with the spheroid model thereby verifying the correct implementation of the particle torque. 296 

 297 

Fig. 3 298 

  299 

The torque formulas used above are originally developed for an ellipsoid in creeping flows (i.e. Rep 300 

< 1) [32], however the validity of the model in turbulent flow has been proven by Ravik et al. [35]. In 301 

their study, DNS simulations were conducted to assess the elongated particle torque under turbulent 302 

conditions. Only an approximately four percent root mean square (rms) error associated with Jeffery 303 

torques was found under the condition where Stokes number is 1 and ratio of particle length to 304 

Kolmogorov scale is 1. They also showed that the error decreases as particle inertia increase, but the 305 

error increases exponentially as the ratio of particle length to Kolmogorov scale increases to 8. The error 306 

exhibits a plateau trend for particles with even longer length. Therefore, we would assume that it is 307 

acceptable to apply these torque formulas into CFD simulations of entrained flow gasification process 308 

of pulverized biomass where the flow is turbulent. 309 

 310 

3.2. Drag 311 

To verify the implementation of particle drag and fluid-particle two-way coupling, test cases are 312 

configured based on the experimental work of Lau et al. [36], in which spherical particles (with less than 313 

5% standard deviation) are injected via a jet flow into a wind tunnel. As shown in Fig. 4, a semi-two-314 

dimensional cyclic symmetric 1 m × 0.3 m domain (one layer of cell in y-direction) is used to closely 315 

mimic the experiment. The circumferential angle is 2° and the nozzle radius is 6.35 mm. The flow and 316 

particle properties are listed in Table 2. 317 

 318 

Fig. 4 319 
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 320 

Table 2 321 

 322 

    The particle loading factor in the experiments is 0.4. It is in the range where interactions among 323 

particles can be ignored but interactions between particles and the fluid must be considered. In other 324 

words, it is within the regime where two-way coupling should be included in the simulations [36] [37]. 325 

The particles in the experiments deviate less than 5% from spherical particles and hence the particles in 326 

the simulations are configured as spheroids with aspect ratio of 1.001. Thus particles in both experiments 327 

and simulations can be considered spherical, which in turn makes it reasonable to assume particle 328 

orientation effects are less pronounced due to the central symmetric characteristics of spheres.  329 

    Four simulation cases are carried out. Two of them are solved by employing the sphere model (as 330 

described in Section 2.1), whereas the other two are solved by employing the spheroid model (as 331 

described in Section 2.2). Normalized centerline velocity profiles (Uc/Uc, Uc is the centerline velocity 332 

and Ue is the centerline velocity at the x/d = 0) of the particles can be seen in Fig. 5, where simulations 333 

using one-way coupling method (a) and two-way coupling method (b) are shown. Additionally, 334 

experimental data from Lau et al. [36] is present as well. Due to rapid mixing as the flow develops, 335 

particle centerline velocity decreases as x/Djet increases. It can be seen that there are good agreements 336 

between the sphere model and the spheroid model in both one-way and two-way coupled cases. This 337 

implies that the spheroid model can regress well to the sphere model. However, when comparing 338 

simulation results with experimental data, discrepancies are found in the one-way coupled cases while 339 

there are better matches in the two-way coupled cases. Normalized particle centerline velocities decay 340 

faster in the one-way coupled cases than the two-way couple cases and experiments. Particles have 341 

larger inertia than the fluid, hence the particle velocities decay slower than the fluid causing particle 342 

velocities to be higher than the fluid velocity in the beginning. In one-way coupled cases, the fluid is 343 

not accelerated by the particle. As a result, differences in velocity between the particle and the fluid in 344 

one-way coupled cases are larger than for the two-way coupled cases. This leads to larger drag forces 345 

acting on particles in the one-way coupled cases, thus causing faster normalized particle centerline 346 

velocity decays compared to the two-way coupled cases and the experiments. It can also be observed 347 
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that there are no major differences when comparing experimental data and two-way coupled simulation 348 

results from the sphere model and the spheroid model, thus verifying the implemented particle drag 349 

model for spheroids. 350 

 351 

Fig. 5 352 

 353 

The simulation results above also indicate the drag formula is applicable to spherical particles. To 354 

further test the validity of the drag formula, simulations are carried out to compare the drag force 355 

coefficients from Madhav and Chhabra [38]. In their work, they conducted experiments of needle-356 

shaped steel particle (particle density is 7484 kg/m3, aspect ratio ranges from 27.35 to 39.53) free falling 357 

in tubes of silicone oil (density is 975 kg/m3 and dynamic viscosity is 0.97 Pa·s) and they mapped drag 358 

coefficient-Reynolds number relations. We arbitrarily set up particle (with aspect ratio of 33.53) 359 

Reynolds numbers in the codes and compare particle drag coefficients calculated by the codes and data 360 

from Madhav and Chhabra [38]. The results are shown in Fig. 6, in which the label “Exp.” represents 361 

experimental data extracted from Madhav and Chhabra [38], whereas, CD,x, CD,y and CD,z are simulated 362 

particles drag coefficients produced by the spheroid model in the x-, y- and z-direction of particle frame, 363 

respectively. There are three drag force coefficients from the current study. This is due to how the 364 

spheroid model is implemented in the OpenFOAM platform. As previously mentioned in Section 2.3.1, 365 

particle drags are first calculated in the x-, y- and z-direction of particle frame separately, then converted 366 

to the format of vectors in the inertia frame. It can be seen from Fig. 6 that the simulated drag coefficients 367 

are close to the ones of experiments, thus validating the drag force formulas of the spheroid model. It 368 

also can be seen that CD,x and CD,y are the same, but they are different from CD,z. This is because that the 369 

cross-sectional areas of spheroid particles in the x- and y-direction of particle frame are the same, but 370 

they are different from the ones in the z-direction. 371 

 372 

Fig. 6 373 

 374 

 375 



 
 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 

4. Application to a simplified entrained flow gasifier 376 

4.1. Simulation setup 377 

The validated solver is employed to simulate particle-laden flows in a realistic gasifier configuration. 378 

Simonsson et al. [39] reported an atmospheric entrained flow gasifier experiment with stem wood and 379 

peat as fuels. A similar but somewhat simplified simulation setup is configured as seen in Fig. 7, where 380 

the simulation domain consists of two parts, i.e. a reactor and a burner inlet. The reactor is a cylinder 381 

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 382 

0.1 m. There are two air registers in the burner inlet. The primary air (orange part in Fig. 7), together 383 

with biomass fuels, is transported into the central cylinder tube of 50 mm diameter (hereafter referred 384 

as 𝐷). The secondary air is introduced via an annular pipe (blue part in Fig. 7, inner diameter 52 mm, 385 

outer diameter 56 mm) positioned outside the central tube.  386 

 387 

Fig. 7 388 

 389 

Table 3 summarizes the fluid and particle properties. Operating parameters are set to that of the 390 

condition of wood swirl burner operated at equivalence ratio 0.5 [39]. Both swirl and non-swirl 391 

conditions are realized by varying the direction of the secondary air, particles are simulated as spherical 392 

particles and spheroidal particles with equivalent volume and aspect ratio of 10. In addition, spheroidal 393 

particles are injected with three initial orientations as Spheroid 1, 2 and 3 as shown in Fig. 2. These three 394 

orientations are evenly distributed and each of them makes up one third of the total particle mass flow. 395 

Three hexahedral meshes of 224812, 425790 and 748512 cells have been used to test grid independence, 396 

respectively. The axial velocities of the fluid (without particles) at the centerline and various axial 397 

locations are compared. No significant difference between the latter two meshes is observed, but results 398 

from the first mesh are clearly different from the latter two. Therefore, the mesh of 425790 cells (Fig. 399 

8) is employed for further simulations. The time step for the simulation is 5×10-5 s. This work also uses 400 

“StochasticDispersionRAS” model from OpenFOAM 4.x for turbulent dispersion simulation, the model 401 

creates velocity perturbation randomly based on kinetic energy of turbulence and its general theory can 402 

be found in [40].  403 
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 404 

Table 3 405 

 406 

Fig. 8 407 

 408 

4.2. Results and discussions 409 

In this subsection, simulation results are presented in the form of axial, radial, and tangential 410 

profiles at different axial locations, z/D, along the flow. Here, D refers to the diameter of inner tube, 411 

whereas r and τ refer to radial and tangential coordinates, respectively. The results calculated from 412 

different approaches under both swirl and non-swirl conditions are compared. Particle results presented 413 

below are sampled over 50 time steps to ensure there are sufficient number of particles so that results 414 

are statistically independent. 415 

 416 

4.2.1.  Axial velocity profile 417 

 Figure 9 shows axial velocities of fluid and particles velocity along the reactor radius at different 418 

axial locations. In terms of fluid velocities in both swirl and non-swirl conditions, at the axial location 419 

of z/D = 0, the peaks of axial velocities can be observed around radial location of r/D = 0.52-0.56 where 420 

secondary air is injected. The axial location of z/D = 0 is where primary air and secondary air enter the 421 

reactor from their respective tubes. As the flow develops further downstream, primary air and secondary 422 

air start to mix. At axial location of z/D = 5, the locations of the peak of fluid axial velocity under both 423 

swirl conditions move closer to the center in radial directions, instead of remaining around the radial 424 

location where secondary air is injected. The peaks disappear further downstream and overall axial 425 

velocities decrease at axial locations z/D = 10 and 15, where effects of secondary are much less 426 

prominent and the fluid momentum decays due to rapid mixing of primary air and secondary air. 427 

Particles are injected with the exact same velocity as the primary air at the inlet (z/D = -0.2). 428 

Regardless of swirling conditions, particle axial velocities at the axial location of z/D = 0 only differs 429 

slightly from the fluid velocity in the radial region where r/D is less than 0.5. Particles, which have the 430 

same initial velocity as primary air, first accelerate (z/D = 5) and then slow down (z/D = 10 and 15) 431 
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from upstream to downstream. It shows particles preserve similar trends when comparing to the fluid 432 

profiles, but with a time delay. This is expected as particles here have larger inertia than the fluid. When 433 

studying the differences at different swirling conditions, it can be observed that particles are distributed 434 

over a wider range of radial locations in swirl conditions than non-swirl conditions, due to the swirl of 435 

the fluid as will be further explained in Section 4.2.2. 436 

 437 

Fig. 9 438 

 439 

When comparing between the sphere model and the spheroid model, it can be seen from Fig. 9 that 440 

the spherical particles have a much narrower axial velocity distributions than the spheroidal particles, 441 

regardless of swirling conditions. The axial velocities of spherical particles concentrate in a narrow 442 

region and this pattern continues from upstream to downstream. However, the axial velocities of 443 

spheroidal particles become more divergent when they come downstream. A possible cause of such 444 

differences between spherical and spheroidal particles could come from initial orientations of spheroidal 445 

particle. Figure 10 presents a more detailed overview of particle axial velocities at axial location of z/D 446 

= 15. For the simplicity, only the non-swirl conditions are shown. Particles of Spheroid 1 and Spheroid 447 

3 have similar distribution patterns for axial velocity, ranging from 3 to 7 /s, whereas particles of Sphere 448 

and Spheroid 2 are narrowly distributed around 5 and 6 m/s, respectively. The major axes of Spheroid 449 

1 and 3 are perpendicular to the reactor axial direction, but is parallel in the case of Spheroid 2. Since 450 

large gradients of fluid axial velocity exist in radial directions due to the configuration of inlet conditions, 451 

particles of Spheroid 1 and Spheroid 3 are much easier to rotate than particles of Spheroid 2. As a result, 452 

the cross-sectional area of a Spheroid 2 particle projected to the flow direction does not vary significantly 453 

from one particle to another and little differences between particle axial velocities and drag forces exist 454 

among particles of Spheroid 2. 455 

Differences of averaged axial velocities of particles predicted by these three models can be observed 456 

from upstream to downstream. One factor that contributes to such differences could be how different 457 

models calculate particle projected cross-sectional areas to the flow when simulating particle drag forces. 458 

The sphere model treats pulverized biomass particles as spheres of equivalent volumes, this means the 459 
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particle projected cross-sectional areas to the flow remain constant. The simplified non-sphere model 460 

use sphericity to compensate particle shape irregularities and thus making particle projected cross-461 

sectional areas to the flow being different than the ones calculated by the sphere model. Although the 462 

simplified non-sphere model considers particles being non-spherical, the sphericity of a particle still 463 

remains constant as long as the shape of the particle does not change. This indicates particles of different 464 

orientations will have the same drag forces if other conditions are the same, which is not the case in 465 

reality. The spheroid model takes one step further by considering particle orientations by calculating 466 

particle torques and then modify particle drag forces. In this way, particles of different orientations will 467 

have different drag forces when other conditions are the same. Furthermore, values of standard 468 

derivation indicate how scattered or dispersed particles are. The different ways modelling particles could 469 

also explain why the standard derivations of particle axial velocities predicted by the sphere model and 470 

the simplified non-sphere model are in closer agreement than the spheroid model as clearly seen in Fig 471 

9. Particles predicted by the spheroid model are more scattered from the other two models since the 472 

spheroid model considers particle orientations and one particle may have very different temporal 473 

development of orientations than another particle. 474 

 475 

Fig. 10 476 

 477 

The particle axial velocity is closely connected to particle residence time. In theory, particle residence 478 

time, t, over a certain distance, L, is dependent on particle velocity development along the distance, U(L). 479 

This can be expressed by 480 

 𝑡 = ∫
𝑑𝐿

𝑈(𝐿)
 (21) 481 

Therefore, a higher axial velocity predicts a shorter residence time if other conditions are the same.  482 

Particle ages along the reactor radius at different axial locations and swirling conditions are shown in 483 

Fig. 11. Particle age refers to the time it takes for a particle to reach the position of the measurement 484 

from the inlet, thus can be used as an indicator for particle residence time. From upstream to downstream, 485 

particle age variations become bigger under both swirl and non-swirl conditions. This phenomenon is 486 
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especially pronounced for spheroidal particles under swirl conditions. Given the same axial location, 487 

particle ages, due to the differences of axial velocities, are also different along radial directions. It can 488 

also be seen that particle ages vary more in the spheroid model than the sphere model, especially in swirl 489 

cases. This is in agreement with patterns observed on particle axial velocities. 490 

 491 

Fig. 11 492 

 493 

4.2.2.  Radial and tangential velocity profiles 494 

 495 

Fig. 12 496 

 497 

Figure 12 shows the particle and fluid radial velocity distribution along the reactor radius. The radial 498 

velocity, Ur, is defined as the velocity component that is perpendicular to axial direction and parallel to 499 

radial direction. In non-swirl cases, fluid radial velocities at axial location of z/D = 0 peak around the 500 

radial location where secondary air is injected. This is due to the mixing of primary air and secondary 501 

air in radial direction. Since the fluid has higher radial velocity than the particles, they are accelerated 502 

by the fluid in the radial direction. As the flow develops further downstream, fluid radial velocity decays 503 

rapidly due to fast mixing and remains small. However, particles have much higher inertia than fluid so 504 

their radial velocities still increase. When there are swirls in the flow field, despite the fact that the fluid 505 

has very similar radial velocity profile as in the non-swirl cases, particle radial velocities are different 506 

from non-swirl cases. At axial location of z/D = 5, particle radial velocities increase along the radius in 507 

the swirl cases whereas in the non-swirl cases velocities do not increase significant along the radius. 508 

When there are swirls in the flow fields, particles have tangential velocities because of the swirling of 509 

fluids. This creates the possibility for particles to have higher radial velocities. Particles must have 510 

enough centripetal forces to keep circular motions at certain radius, otherwise, particles have centrifugal 511 

motion, thus resulting velocities and displacements in radial directions. This is confirmed in Fig. 13, 512 

where the particle and fluid tangential velocity distribution along reactor radius is presented. Tangential 513 

velocity, Uτ, is defined as the velocity component that is perpendicular to axial direction and radial 514 
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direction. In Fig. 13, when there is no swirl, from upstream to downstream, fluid tangential velocity 515 

remains very small, particle tangential velocities on the other hand first start at 0 m/s then become 516 

dispersed to a range of ±0.5 m/s. One possible cause for this could be the fact that dispersion model is 517 

applied in all simulations. The model creates velocity perturbation randomly, which gives particle 518 

tangential velocities. In swirl cases, fluid tangential velocities can clearly be observed. In the upstream 519 

of z/D = 0, fluids have the highest tangential velocities at the location where secondary air is injected 520 

into the reactor, as the flow develops to axial locations of z/D = 5, 10 and 15, fluid tangential velocities 521 

decay due to rapid mixing of primary and secondary air. Particles tangential velocities, on the other hand, 522 

remain concentrated around the vicinity of 0 m/s at the axial location of z/D = 0, then becomes 523 

accelerated by the fluid at z/D = 5, then decay further downstream at z/D = 10 and 15. The slower 524 

tangential velocity decays for particles compared to the fluid can be explained by the fact that particles 525 

have larger inertia than fluids. Regardless of swirl conditions, the spheroid model predicts larger 526 

standard deviations of radial and tangential velocities than the other two models. This trend is similar to 527 

what is observed in axial velocity profiles and could be explained in a similar way as stated in Section 528 

4.2.1. 529 

 530 

Fig. 13 531 

 532 

Figure 14 shows particle concentrations at swirl conditions using the classical sphere model and the 533 

implemented spheroid model. A cross-sectional space of z/D = ±0.05 in axial direction is sampled at  534 

z/D = 5, 10 and 15, respectively. Then each cross-sectional space is evenly divided into 50×50 unit 535 

spaces in the xy-plane. The color bar indicates the local concentration of particle i.e. number of particles 536 

per unit space. In the upstream region (z/D = 5), both the sphere model and spheroid model give very 537 

similar results that particles are concentrated in the center. As the particles develop with the flow to 538 

further downstream, particles spread out. Many particles can be still observed around the center in the 539 

simulation using the sphere model further downstream (z/D = 15), whereas a more evenly distributed 540 

particle profile can be found in the results using spheroid model. This is in agreement with the 541 
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aforementioned expectation that spheroidal particles are more dispersed and thus locally less 542 

concentrated. 543 

 544 

Fig. 14 545 

 546 

4.2.3. Expected implications of model for non-spherical under reactive conditions 547 

The observed phenomena in the cold flow simulation has also implications for the CFD simulations 548 

of biomass conversion using Eulerian-Lagrangian method. For example, when simulating the entrained 549 

flow gasification of biomass, where swirl conditions are typically expected, there can be significant 550 

differences between simulations using the sphere assumption and the spheroid assumption. Spheroidal 551 

particles have larger surface areas than spherical particles of the same volume. This makes heating up 552 

spheroidal particles easier than spherical particles in the same environment. A faster heating process 553 

could prompt the conversion of biomass particles, especially the endothermic drying process, and 554 

consequently using a spherical model approach may underestimate this. Furthermore, in an entrained 555 

flow gasifier, some volatile gases released from the fuel reacting with oxygen to provide heat for the 556 

gasification reactions. Reactants must be mixed on a microscale level and be present in the reactive 557 

mixture for a certain period of time in order to undergo thermal conversion [23]. In other words, local 558 

species concentrations and residence times are determining factors of the chemical reactions. As found 559 

in the cold flow simulation, spheroidal particles are clearly more dispersed than spherical particles under 560 

swirl conditions. Simulations lusing the spherical particle model may underpredict the mixing of volatile 561 

gases and oxygen, thus presumably leading to a slower combustion of volatile gases. Apart from gas 562 

phase reactions, the choice of sphere or spheroid model also affects gas-solid phase reactions. The 563 

traditional spherical particle model may produce more concentrated char clusters and thus resulting a 564 

slower conversion process. Similar analysis can also be conducted for the simplified non-sphere model, 565 

as it predicts  less scattered results in terms of particle velocities when compared to the spheroid model. 566 

However, it should be noted that in the later stage of the entrained flow gasification of biomass, as 567 

biomass particles react and convert, shapes of biomass particles become more and more spherical as 568 

evidenced in [5]. Particle size changes can affect the particle aspect ratio. It also may influence 569 
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pulverized biomass particle size distribution in the flame as this is the case for coal [41]. Nevertheless, 570 

the overall implications of replacing spherical particle models with spheroid particle models are in need 571 

for further studies under reactive conditions, which is the next step of our research. 572 

 573 

5. Conclusions 574 

This work presents a detailed implementation of the spheroid particle model for simulating 575 

pulverized biomass particle. The spheroid particle model is implemented into an Euler-Lagrange CFD 576 

solver in OpenFOAM and is verified and validated against DNS and experiments. Non-reactive test 577 

cases are executed to predict particle behaviors in a configuration similar to an entrained flow gasifier. 578 

When comparing to simulations by using the sphere model and the simplified non-sphere model, the 579 

spheroid model shows different results in terms of particle axial, radial and tangential velocities. Larger 580 

standard deviations of particle velocities are also observed in the case of the spheroid model. This could 581 

be caused by the fact that the spheroid model takes particle orientations into account while the other two 582 

models do not. Moreover, under swirling conditions, the spheroid model gives more diverse particle 583 

concentrations and residence times than the traditional sphere model. All the above indicates that using 584 

the spheroid model could have major influences on reactive simulation and this should be further 585 

investigated. 586 

  587 
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 600 

Nomenclature 601 

Notation Description 

A transformation matrix 

a spheroid minor axis [m] 

B1, B2, B3, B4 model coefficient based on particle sphericity 

CD drag force coefficient 

c spheroid major axis [m] 

D central tube diameter in model application [m] 

Djet jet diameter in drag model verification [m] 

Dp particle diameter [m] 

dij deformation rate [s-1] 

e0, e1, e2, e3 Euler parameters 

FD particle drag force [N] 

I particle moment of inertia [kg·m2] 

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] 

Uf  fluid velocity [m/s] 

Up  particle velocity [m/s] 

Ur  radial velocity [m/s] 

Uz  axial velocity [m/s] 

Uτ  tangential velocity [m/s] 

wij spin tensor [s-1] 

x inertial frame 

x’ or ’ particle frame 

x’’ or ’’ co-moving frame 

x, y, z coordinates in x-, y-, z-direction, respectively [m] 

α0, β0, γ0  dimensionless parameters 

λ particle aspect ratio 

μf fluid dynamic viscosity [N·s/m2] 

νf fluid kinematic viscosity [m2/s] 

ρf  fluid density [kg/m3] 

𝜙  sphericity 

𝜙
∥
 lengthwise sphericity 

𝜙
⊥
 crosswise sphericity 

ω angular velocity 

 602 
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 714 

Fig. 1 Algorithm illustration of the spheroid model 715 
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 717 

Fig. 2 Initial orientations of particle in inertial frame 718 
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 720 

Fig. 3 Angular velocity profile of (a) Spheroid 1 and (b) Spheroid 2. “DNS” and “NELLI” 721 
represent simulations are solved by the DNS [34] and the spheroid model with the aforementioned in-722 
house solver NELLI [22], respectively; x, y and z represent the component of the angular velocities in 723 

x-, y- and z-direction of particle frame, respectively. 724 
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 726 

Fig. 4 Simulation domain of the particle-laden jet (unit: mm). The length of the domain is 1000mm 727 
and the radius is 300mm. Nozzle radius is 6.35 mm. 728 
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 730 

Fig. 5 Particle centerline velocity profile for one-way coupling (left) and two-way coupling (right). 731 
“Sim.1” and “Sim.2” stand for simlautions employing spheres and spheroids with aspect ratio close to 732 

1 respectively, “Exp.” represents experiments. 733 
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 735 

Fig. 6 Calculated drag coefficients for the three spatial directions compared to experimentally 736 
obtained drag force coefficient as function of Reynolds numbers. 737 
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 739 

Fig. 7 Simulation domain of a simplified entrained flow reactor (Left: front view of the whole 740 
domain; right: inlet. Unit: mm) 741 
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 743 

Fig. 8 Mesh of the simplified entrained flow gasifier 744 
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 746 

Fig. 9 Particle and fluid axial velocity distribution along reactor radius at different heights along the 747 
reactor (vertical) for non-swirl and swirl conditions (horizontal). Solid line: fluid or averaged particle 748 
velocity; dash line: standard deviation of particle velocity; scatter: particle velocity. Purple: fluid; red: 749 

the sphere model; blue: the simplified non-sphere model; green: the spheroid model.   750 
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 752 

Fig. 10 Particle axial velocity distribution at z/D = 15 under non-swirl conditions. “Spheroid” 753 
means results are predicted by the spheroid model and “sphere” means results are predicted by the 754 

sphere model, the number indicates the initial orientations of spheroidal particles as stated in Fig. 2. 755 
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 757 

Fig. 11 Particle ages along reactor radius at different heights along the reactor (vertical) for non-758 
swirl and swirl conditions (horizontal). Solid line: averaged particle age; dash line: standard deviation 759 

of particle age; scatter: particle age. Red: the sphere model; blue: the simplified non-sphere model; 760 
green: the spheroid model. 761 
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 763 

Fig. 12 Particle and fluid radial velocity distribution along reactor radius at different heights along 764 
the reactor (vertical) for non-swirl and swirl conditions (horizontal). Solid line: fluid or averaged 765 

particle velocity; dash line: standard deviation of particle velocity; scatter: particle velocity. Purple: 766 
fluid; red: the sphere model; blue: the simplified non-sphere model; green: the spheroid model. 767 
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 769 

Fig. 13 Particle and fluid tangential velocity distribution along reactor radius at different heights 770 
along the reactor (vertical) for non-swirl and swirl conditions (horizontal). Solid line: fluid or averaged 771 

particle velocity; dash line: standard deviation of particle velocity; scatter: particle velocity. Purple: 772 
fluid; red: the sphere model; blue: the simplified non-sphere model; green: the spheroid model. 773 
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 775 

Fig. 14 Reactor cross-section indicating particle concentrations of swirl conditions at different 776 
heights along the reactor (vertical) for the spherical and spheroidal particles (horizontal). The color bar 777 

indicates the local concentration of particle i.e. number of particles per unit space, “sphere” and 778 
“spheroid” means they are predicted by the sphere model and the spheroid model, respectively. 779 
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Table 1 Particle and fluid properties for model verification of torque 781 

 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 m2/s 0.1 

 782 
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Table 2 Particle and fluid properties for model verification of drag 784 

 Unit Experiments by Lau et al. [36] Simulation 

Particle diameter µm 
20 

(with standard deviation less than 5%) 

a=20, 

c=1.001a 

Particle mass loading factor - 0.4 0.4 

Jet exit diameter, Djet 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 787 

 Unit No swirl Swirl 

Air density kg/m3 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/m3 650 650 

Particle equivalent diameter μm 250 250 

Particle mass flow rate kg/h 20.2 20.2 

 788 


