




Abstract

This dissertation mainly investigates the behavior of the non-spherical particles. Firstly,

a new spheroidal particle motion model is proposed based on the numerical simulation of

six degrees of freedom motion of a single spheroidal particle. This model uses a sine

curve’s probability density function (PDF) to represent the particle’s rotation. Secondly,

the spheroidal particle motion model is introduced into a numerical code to simulate the

particles’ dispersion in an isotropic turbulence �ow. The d ifferences between the spherical

and the spheroidal model are discussed by the statistical methods and the results are orga-

nized in terms of the Stokes number. Next, an experiment and a simulation of particles’

dispersion of a real scale jet burner are performed. In the experiment, pulverized coal and

spherical polymer particles are used, while in the simulation the spherical and spheroidal

particles with and without diameter distribution are used. The simulation results are com-

pared with the experimental results. The particle’s shape effect and diameter distribution

effect are discussed. Finally, in order to investigate a single particle’s ignition behavior, a

simulation of a single particle freely moving in a vertical uniform �ow with devolatiliza-

tion is performed. The Extended-CPD (extended chemical percolation devolatilization)

model is applied to calculate the volatile velocity. The results are examined and discussed

by applying the Flame Index.

Key words: Particle shape effect, Jet-burner, Isotropic turbulence � ow, Particle dis-

persion, Ignition
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CHAPTER 1
Introduction

1.1 Background

1.1.1 The role of the coal in the world

In the world, the consumption of the primary energy is increasing year by year. According

to the annual report from the U.S. Energy Information Administration (EIA), the energy

consumption in 2040 will rise to 1.5 times compared to 2012 [1]. Most of this increase

come from the emerging developing economies mainly located in Asia, like China and

India. These emerging economies, which have achieved great economic development in

recent years, are expected to have an accelerated growth in the future. Along with this,

the demand for fossil fuels such as petroleum, coal and natural gas which supporting the

economy are expected to have a great increase.

However, the reserves of the fossil fuels are limited. According to the report from

the BP Global, the remaining lifetime of the fossil fuels are 51 years for petroleum, 53

years for natural gas, and about 114 years for coal, respectively [2]. These numbers may

change due to the discovery of new oil �elds and mines, and tec hnological innovation on

the energy use. It is still a �limited resource� for the fossi l fuels that they will run out

someday. Compared to the coal, the petroleum and natural gas are unevenly distributed

in the world and have a shorter lifetime. Most of the oil �elds exist in the Middle East,

where is in the unstable political situation. This leads to a risk of the oil supply and an

unstable crude oil price. And since the emerging economies developing, it is considered
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Figure 1.1: A common con�guration of an IGCC system.

the demand of the oil will rapidly increase, causing a rising oil price. On the contrast,

the coal is widely distributed in the world and have a longer lifetime, almost twice than

the crude oil. It has a cheap and stable price, and its supply is also reliable. These merits

make the coal the most important primary energy in the world. The coal is mainly utilized

in the power production. The coal-�red power plant responde d for 36% of the electricity

around the world [3]. Thus the coal is exactly an �indispensa ble� energy source.

Nevertheless, the coal has a high CO2 emission intensity, that makes a greater contri-

bution to the global warming. In the future, the energy demand of emerging countries will

soar and the consumption of the coal will increase accordingly. Hence there is an urgent

need to realize a clean coal technology to reduce the CO2 emission.

1.1.2 IGCC power generation

Integrated gasi�cation combined cycle (IGCC) is a technolo gy that attracts the attention

of the world. It integrates the coal gasi�cation system and t he combined cycle power

generation system. It utilizes the coal or other carbon-based fuels in a high-pressure

gasi�er, and turns them into pressurized syngas which is com posed of CO and H2. After

then, the syngas passes a puri�cation process includes the d ust removal, mercury removal,

sulfur removal and so on. Finally, the clean syngas is passed to the combined cycle to

produce electricity. Figure 1.1 shows the common con�gurat ion of an IGCC system.
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Figure 1.2: The IGCC system with CO2 capture.

Due to the particular power generation pattern, the IGCC system has many bene�ts. It

needs less water compared with the same scale pulverized coal power plant. Since in the

IGCC, the power is mainly generated by the combustion turbine, which needs less water

than the steam turbine. This is a very important advantage that enables to build a power

plant in a water-lack region. The IGCC system’s wastes can be used to produce other

industrial product. Like the slag from the coal gasi�er and � nes from the electrostatic

precipitators can be used to produce cement and asphalt joint �ller. The sulfur from the

sulfur removal can be used to produce pure sulfur. The biggest advantage is that the IGCC

system can be easily coupled with the CO2 capture and storage (CCS) technology, shown

in Figure 1.2. This is because that in the IGCC system, the coal has been turned into the

syngas of CO and H2, and the syngas can be easily turned into a composition of CO2 and

H2 through a water-gas shift process. Then the CO2 can be removed and compressed for

storage. This is estimated to have a lower cost than the pulverized coal with CO2 capture.

In a whole IGCC system, the coal gasi�er and the puri�cation s ystem of the syngas

determine whether the IGCC system can be commercialized or not. The syngas pro-

duction rate, syngas heat value, operation pressure and temperature of the coal gasi�er

must satisfy the design requirements. The coal gasi�er must have a better load regula-

tion performance, which satis�es the load regulation requi rement of the power plant. The

composition of the production of the coal gasi�er must satis fy the load regulation require-
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ment of the combined cycle system. The coal gasi�er must have a wide applicability of a

variety of coals. And �nally, the coal gasi�er must be simple , reliable, easy to be operated

and maintained.

Although the requirements of the coal gasi�er are not easy to be achieved, the IGCC

system is the leading candidate for the electricity production with CO2 capture at present.

1.1.3 Problems

All of the requirements of the coal gasi�er indicate that the designer of the coal gasi�er

must have a deep understanding inside the gasi�er. This mean s we must interpret the

complex phenomenon of the solid-gas multiphase �ow inside t he gasi�er. Including the

simultaneous and interactive coal particle dispersion, coal evaporation, and devolatiliza-

tion of pulverized coal particles, as well as the heterogeneous and homogeneous reactions

of the gas phase. These phenomena are such complex and happen inside the gasi�er with

extremely high pressure and temperature that they are very hard to be observed directly.

Hence we do not achieve a deep understanding of the coal gasi� cation phenomenon in the

coal gasi�er yet.

In order to solve the problem, the Computational Fluid Dynamics (CFD) is applied.

Through the simulations of the solid-gas �ow inside the gasi �er, we obtain the rough

image of the coal gasi�cation. However, because of the limit of the computer ability and

the model accuracy, a simulation of the real scale of the gasi�er with high accuracy can

not be performed.

Generally, in a multiphase CFD, the shape of the solid particle is assumed to be spher-

ical to reduce computational cost. Since the complex shape effect is neglected, the simu-

lation accuracy of the particle’s motion can not be guaranteed. According to the research

of Elghobashi [4], the solid-gas two-phase �ow can be divide d into two types, dilute sus-

pension and dense suspension, in terms of the volume fraction of particles. In the dense

suspension, since the particles’ volume fraction is high, the collision of the particle to par-

ticle takes place. This affects the particles’ motion signi�cantly. However, in the dilute

suspension, due to the low volume fraction of particles, the collisions between particles
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happens rarely and negligible. Thus other factors, such as shape effect, affect the par-

ticles’ motion greatly. In the future, it is envisioned that as the IGCC system becomes

practical, the system will become more large-scaled. Inside a coal gasi�er, the dilute

suspension cases will become more and more. Therefore, the spherical particle assump-

tion may not reproduce the particle’s motion inside a gasi�e r accurately. The particle’s

shape effect on particle’s motion shall be taken into account to improve the precision of

numerical simulations.

And another, for a single particle, the particle ignition procedure has not been revealed

yet. There are rare researchers discussed these problems and evaluate the particle’s shape

effect on the particle’s motion and ignition behavior in the past.
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1.2 Purpose and contents of this dissertation

As above sections shows, most solid-gas two-phase simulations neglects the particles’

real shapes and assume them to be spherical. The particle’s shape effect in numerical

simulations has rarely been discussed. This dissertation mainly focuses on the particle

shape affects. It tries to represent a pulverized coal particles using spheroidal particles.

For example, for the coal particles have nearly spherical shape, the spheroidal particles

which have close major and minor radius can be used. Conversely, for the coal parti-

cles have extremely strange shapes, such as long and thin particles, the prolate spheroidal

particles can be used. In order to achieve the purpose, the single spheroidal particle’s mo-

tion is investigated and modeled. Then it discusses the spherical and spheroidal particle’s

dispersion behavior in the isotropic and jet-burner �ow. Th e contents of this dissertation

consist of the chapters below.

In chapter two, it gives the modeling of a spheroidal particle’s motion. This model is

applied to the simulation later and is compared to the widely-used spherical model.

In chapter three, the simulation of the particles’ dispersion in an isotropic turbulence

�ow is performed. The spherical and spheroidal particle mot ion model are applied. The

results are analyzed by using statistical methods. The difference between the spherical

and the spheroidal particles’ dispersion is discussed.

In chapter four, both an experiment and a simulation of the particles’ dispersion of

a jet �ow are performed. In experiment cases, pulverized coa l and spherical polymer

particles are used. In simulation cases, the spherical and spheroidal particle motion model

are applied. The simulation results are compared to the experimental data to discuss the

shape effect and the diameter distribution effect.

In chapter �ve, it discusses the simulation of a single spher oidal particle’s ignition in a

vertical uniform �ow. The Extended-CPD model is introduced to calculate the volatile ve-

locity on the particle surface. With this model, the particle’s volatile velocity is calculated

in terms of the particle composition and the temperature distribution over the surface. The

6



global reaction is applied for the gas reaction. The particle’s ignition behavior is discussed

by tracking the Flame Index.

In chapter six, it summarizes the conclusions of this dissertation and suggests the

future work.
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CHAPTER 2
Modeling of a spheroidal particle’s

motion

2.1 Particle’s motion

For a particle moving in a �uid, both of the translation and ro tation shall be consid-

ered. For a spherical particle, since it has a completely symmetrical shape, its rotation is

neglected, and only the translation term remained. The well-known Basset-Boussinesq-

Oseen equation (B.B.O equation), which is valid for a spherical particle moving in a �uid,

is expressed as

ρpVp
dv
dt

= FD + FL + FB + Fprs + Fmass + FBasset ; (2.1)

where ρp, Vp and v are the density, volume, and velocity of the particle, respectively. FD,

FL, FB, Fpre, Fmass, and FBasset are the drag force, lift force, buoyancy, pressure gradient,

virtual mass, and Basset history term, respectively. Because the drag force mainly con-

tributes to the motion of a particle in a pulverized coal combustion �eld, this study pays

special attention to it. The drag force can be calculated by summing the contributions of

friction and pressure as

FD = FDprs + FD f rc = �
Z

S
pey � ndS +

Z

S
n � τ � eydS; (2.2)

where n is the surface normal vector, τ is the stress tensor, and ey is the particle’s direction
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of motion. Although Equation (2.2) can be used for any particle, Equation (2.1) is only

strictly valid for spheres.

The drag coef�cient CD is de�ned as

CD =
FD

1
2ρ f (u � v)2A

= CDprs +CD f rc; (2.3)

where ρ f and u are the �uid density and velocity, respectively. A is the projection area of

the particle to the �ow direction. CD can also be divided into CDprs and CD f rc, which are

in�uenced by the friction and the pressure, respectively. C lift et al: summarized some of

the most popular expressions [5, p. 111] and provided the following recommendation

CD = 3=16 + 24=Re; Re < 0:01 (2.4a)

=
24
Re

(1 + 0:1315Re0:82�0:05�log10 Re); 0:01 < Re � 20 (2.4b)

=
24
Re

(1 + 0:1935Re0:6305): 20 � Re < 260 (2.4c)

Where the Re is the particle Reynolds number, de�ned as

Re =
ρ f (u � v)d

µ
(2.5)

here d is the diameter of the particle and µ is the �uid viscosity.

However, Equations (2.1) and (2.4) are only suitable for spherical particles. These

equations must be modi�ed for non-spherical particles. Hai der & Levenspiel [6] studied

CD of non-spherical particles by investigating the relations between CD, Re and sphericity.

They proposed a design chart of CD with the sphericity dependence.

Sphericity is de�ned as the ratio of the surface area of a sphe re to the surface area of

a given particle where the sphere and the given particle have same volume as

φ =
Ssphere

Sparticle
=

π
1
3 (6Vparticle)

2
3

Sparticle
: (2.6)

According to their conclusions, CD becomes larger as the sphericity becomes smaller.

However, the effect of rotation and oscillation of the particle cannot be considered in their

formula because the modi�ed CD expresses the equivalent diameter of a spherical particle.
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2.2 Single spheroidal particle motion

As above section mentioned, the particle’s motion mainly depends on the drag coef�-

cient CD. Hence in order to build a non-spherical particle motion model, the single non-

spherical particle’s motion behavior shall be observed to modify the CD � Re equation

such as Equation (2.4).

In previous researches, a numerical simulation with six degrees of freedom motion

of a single spherical or spheroidal particle was performed by employing the Arbitrary

Lagrangian-Eulerian (ALE) method to numerically investigate the particle’s behavior in

terms of the drag coef�cient curve [7]. The ALE method was �rs tly validated by cal-

culating a spherical particle’s CD values and compared them to the empirical Equation

(2.4). Secondly the method was validated by comparing the simulations with the exper-

iment by Mordant & Pinton [8], in which the velocity of different materials settling in

resting water was measured. It shown that the results of the spherical particle agreed well

with the Equation (2.4) in the �rst validation, and captured the vortex shedding behavior

accurately in the second validation.

After then, the ALE method was applied to investigate the motion of a particle en-

trained in an upward uniform �ow. The �ow was upward and its ve locity was set to

u = 15m/s. The particle was placed in the upward �ow at the beginn ing of the compu-

tation. The particle was released at t = 0 without an initial velocity. After releasing, the

particle was moving in the �ow freely. The initial particle R eynolds number was about

Re � 45. This was the condition generally observed in a pulverized coal combustion

system.

The particle with spheroidal shape was examined. The size of the particle was deter-

mined by the typical pulverized coal particle size. Its sphericity was set to 0.96 and the

minor axis length was calculated accordingly. Totally four cases were examined. Table

2.1 listed the cases while Figure 2.1 shown the computational grid of EV90. All the cases

used the same spheroidal particle, but different initial orientations. The initial orientation

was the angle between the spheroid’s major axis and the horizontal plane. Since the �ow
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Figure 2.1: Typical computational grid.

Figure 2.2: Shapes of the spheroid particle.

was upward, an initial orientation of 0� meant the particle’s major axis was perpendicular

to the �ow direction, and an initial orientation of 90 � meant the particle’s major axis was

along the �ow direction. In this chapter, the initial orient ations were from 0� to 90� with

an interval of 30�. As previously mentioned, the boundary condition for the velocity �eld

surrounding the computational domain was �xed as a uniform � ow.

Figure 2.3 shows the CD curves of the results of all the spheroid cases. In this �gure ,

�MIN� is the lower limit shown by the motion of the spheroid wi th a compulsorily �xed

vertical orientation. The EV00’s CD curve is smooth, and similar to that of the sphere and

shows the upper limit, because the spheroid with the horizontal initial orientation is in a

stable state with the largest projection area in the �ow dire ction. The CD curves oscillate

between the lower and upper limits for the other initial orientations. The oscillation of

the CD curve is highly dependent on the particle’s rotation motion. Although all the cases

have the same particle shape, since the initial orientations are different, the oscillation

characteristics of the CD curves differ. Its behavior depends not only on the instantaneous

Re number but also on the balance between the inertia momentum and the �uid force
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Table 2.1: Properties in all cases.

Case Shape D1* D2* D3* initial orientation** sphericity

EV00

Figure 2.2 60 35 35

0�

0:96
EV30 30�

EV60 60�

EV90 90�

* Diameter with unit �m. All adjusted to the coal particle, for which the char-

acteristic length is measured by its circumscribed circle from the X, Y, and Z

direction.

** Initial orientation is the angle between the spheroid’s major axis and the hor-

izontal plane. Since the �ow is upward, an initial orientati on of 0� means the

particle’s major axis is perpendicular to the �ow direction , and an initial orien-

tation of 90� means the particle’s major axis is along the �ow direction.

acting on the particle.

Figure 2.4 shows the probability density function (PDF) of the CD values for EV30,

EV60, and EV90. The values on the horizontal axis are normalized by the maximum and

minimum CD values for each case. 0 represents the minimum CD value, while 1 repre-

sents the maximum CD value. For EV90, CD is always oscillating between the maximum

and the minimum values. On the other hand, four spikes at 0.19, 0.49, 0.59, and 0.71

for EV30, one spike at 0.13 for EV60 appears. It is considered that the number of spikes

corresponds to the count of the particle’s oscillations. For example, for EV60 after re-

leasing, the particle oscillates only once and then starts to rotate. This indicates that as

the particle is entrained, the Re number decreases, and the �uid force acting on the parti-

cle becomes smaller and is insuf�cient to provide the moment um to change the particle’s

oscillation direction. Hence, the oscillation mode, which is like a seesaw, changes into

the rotation mode. For EV30, the �uid force acting toward the counter-rotating direction

is larger than the rotating inertia force and the particle changes its direction of oscillation

four times. As the slip velocity becomes smaller, the momentum provided from the slip

12



Figure 2.3: Drag curves for EV00, EV30, EV60 and EV90. �MIN� i s obtained by the

motion of non-rotation(�xed) EV90 particle.
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Figure 2.4: PDF of CD for (a) EV30, (b) EV60 and (c) EV90, including the PDF of a sine

curve. The values on the horizontal axis are normalized by the maximum and minimum

CD values for each case. 0 represents the minimum and 1 represents the maximum.

becomes smaller, and the particle changes its motion mode from oscillation to rotation. In

addition, between each spike and the maximum value of CD at 1.0 on the horizontal axis,

the shape of the PDF curve shows a similar behavior with EV90’s but with accumulation.

Moreover, the shape of the PDF for EV90 is similar to the sine function’s PDF, suggesting

that the PDF of CD can be expressed by the sine function.

2.3 Spheroidal particle motion model

The results shown in above section imply that the oscillating CD of the spheroid can be

expressed by the PDF of the sine function between the maximum and the minimum CD

13



values. Thus, a spheroidal particle’s motion can be represented as

log10CD = log10CDmin +(log10CDmax � log10CDmin) �
sin(2πθ) + 1

2
; (2.7)

where θ is a random number between 0 and 1. CDmax and CDmin are the CD values obtained

from the spheroidal particle’s maximum and minimum CD curves respectively. These

curves are based on the previous section’s results using the formula which have a form of

the Equation (2.4) proposed by Clift et al: [5].

CD =

8
><

>:

24
Re(1 + A � ReB�C�log10 Re); 0:01 < Re � 10

24
Re(1 + X � ReY ); 10 < Re � 100

(2.8)

where A;B;C;X ; and Y are the parameters that are determined by the six degrees of free-

dom for a particle’s motion.

In this model, the random number θ represents the rotation angle of the spheroidal

particle. While θ equals 0.75, the CD reaches CDmin, means the particle’s major axis is

parallel to the �ow direction, the projection area is smalle st thus CD value also becomes

smallest. While θ is 0.25, the CD becomes CDmax, means the particle’s major axis is per-

pendicular to the �ow direction, the projection area of the p article is largest thus CD value

also becomes largest. The parameters A;B;C;X ; and Y must be determined in advance for

both the CDmin and CDmax.
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CHAPTER 3
Particle’s shape e�ect on particle

dispersion in an isotropic turbulence


ow

3.1 Introduction

Industrial applications around the world utilize gas-particle two-phase �ows. For instance,

in coal-�red power plants, which are one of the largest indus tries in terms of power pro-

duction and CO2 emission, there is an urgent need to realize clean coal technology to re-

duce the CO2 emission. It is important to achieve a much deeper understanding about the

two-phase reacting �elds on pulverized coal combustion boi lers or coal gasi�ers, which

consume a great amount of coal. However, pulverized coal combustion is a complex phe-

nomenon. The underlying physics governing the simultaneous and interactive dispersion,

evaporation, and devolatilization of pulverized coal particles, as well as the heterogeneous

and homogeneous reactions are not well understood. For such a �ow, Computational Fluid

Dynamics (CFD) is frequently used to simulate the �ow �eld. W atanabe and colleagues

[9�13] have performed numerical simulations of pulverized coal combustion and gasi�-

cation on a wide range of reactor scales and investigated the detailed behavior of coal

�ames.

Many �ndings in the coal combustion �eld assumes that coal pa rticles are spherical,
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simplifying the numerical problems and reducing the computational cost, but particles

prepared by a pulverizer have non-spherical shapes. This assumption, which neglects

the real shape of coal particles, is not well assessed and a detailed discussion about the

simpli�cation in the literature is limited. Feng, et, al. [1 4] investigated the �uid force

and the torque acting on spheroid settling in �uids, and indi cated that the pressure at the

stagnation point determines particle’s rotation. Broday, et, al. [15] studied the motion of

a spheroidal particle moving in a vertical shear �ow, and fou nd that a combined effect of

the particle’s inertia, the �ow velocity gradient, and the g ravity produces a complicated

moving behavior. Mortensen, et,al. [16] studied the orientation of ellipsoidal particles in

a turbulent shear �ow, and indicated that both the aspect rat io and the equivalent response

time are important parameters for the orientation behavior of the prolate particle. The

above works are slowly beginning to unravel the motion characteristics of a spheroidal

particle, but they only focused on the behavior of a single spheroidal particle. A numerical

study to model the effects of a non-spherical particle’s shape on the particle’s motion and

apply the model to industrial problems has not been tried yet. Furthermore, the effects

of a non-spherical particle’s shape on the dispersion of a large amount of non-spherical

particles in a turbulent �ow have yet to be investigated. Hai der & Levenspiel [6] proposed

the drag curve characterized by sphericity of a particle. This can be practically used,

namely in the Euler-Lagrangian method, but the effects of rotation and oscillation of a

particle are ignored.

It is, therefore, important to model the effects of the non-spherical shape and clarify

the impact on the particles’ dispersion characteristics in a turbulent �ow. In chapter two,

the spheroidal particle motion model is developed based on the single spheroidal particle’s

motion. In this chapter, this motion model is introduced into a computation of a gas-

particle two-phase isotropic turbulent �ow to investigate the dispersion characteristics of

non-spherical particles in a turbulent �ow. The results are compared to the behavior of

particles with spherical motion model.
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3.2 Governing equations

The governing equations of the isotropic turbulent �uid �el d are the continuous equation

and incompressible Navier-Stokes equation, expressed as

∂ρ
∂ t

+
∂ρu j

∂x j
= 0; (3.1a)

∂ρui

∂ t
+

∂ρu jui

∂x j
= �

∂ p
∂xi

+
∂σi j

∂x j
+ Sui ; (3.1b)

where, ρ , ui, and p are the �uid density, velocity, and pressure, respectively .

The motion of individual particles moving in the �uid is trac ked by Lagrangian method.

The governing equations are given by

dxi;p

dt
= ui;p; (3.2a)

dui;p

dt
=

fD

τp
(ui � ui;p); (3.2b)

τp =
d2

pρp

18µ
; (3.2c)

where xi;p, ui;p and τp are the particle position, velocity, and response time, respectively.

Sui in Equation (3.1b) is the phase coupling term, which is calculated as

Sui = �
1

∆V ∑
N

mp fD

τp
(ui � up;i); (3.3)

where mp is the particle mass. ∆V is the �uid side control volume and fD is the drag force

on particle. fD in Equations (3.2b) and (3.3) is calculated from the particle’s CD � Re

equations.

3.3 Statistical method for the evaluation of the particles’

dispersion

In order to quantify the particles’ dispersion, the D number [17] and RDF (Radial Distri-

bution Function) are employed to evaluate the characteristics of the particles’ dispersion.
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Figure 3.1: The schematic view of the D number method.

The D number identi�es the bulk particle clustering and the RDF is used to obtain the

detailed distribution behavior around the particles.

3.3.1 D number method

D number method is introduced by Fessler, el, al [17] in their research to investigate

the particles distribution in a turbulent channel �ow. Note that in Fessler’s report, the D

number is used in 2D analysis, but it is extended to 3D analysis in this study. Figure 3.1

shows the schematic view of the analysis of the D number. The computational domain

is divided into the small box regions to count the number of particles in each box and to

estimate the standard deviation, which is compared with that of a random distribution that

is de�ned by the Poisson distribution as

F(k) =
e�λ λ k

k!
; (3.4)

where λ is the mean number of particles in each box. F(k) represents the probability that

k number of particles will be found in a given box. Thus, the D number is de�ned as
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below.

D =
σ � σPoisson

λ
; (3.5)

where σ and σPoisson are the standard deviations.The D number shows the deviation of the

targeted particles dispersion from the Poisson distribution. If the particles are extremely

unevenly dispersed in space, in some boxes large particle numbers are found, then the

standard deviation σ becomes larger, causing an increased D number. For example, in

Figure 3.1, the particles are unevenly dispersed. The box on the upper left corner contains

more particles than other boxes, thus the σ becomes large, results in a large D number.

The D number shows a large positive value when the particles are clustered, which means

the particles dispersion differs from the Poisson distribution. But has a positive value

close to zero when particles are randomly distributed, indicates the particles dispersion is

close to the Poisson distribution. From the de�nition of the D number, it can be easily

understood that the box size affects the results. In this chapter, the box size is determined

based on the sensitivity analysis with the various box sizes.

3.3.2 RDF method

Not like D number method, by using the RDF method we can extract the detailed distri-

bution behavior of the particles in terms of the distances between the particles. RDF is

de�ned as

g(ri) =
Np(i)=∆Vi

Np=V
; (3.6)

where Np = N(N � 1)=2 is the total number of particle pairs and V is the volume of the

domain. Np(i) is the total number of particle pairs with a distance between ri + ∆r=2 and

ri �∆r=2. ∆Vi is the volume of the shell located at a distance ri with a thickness ∆r. ∆Vi =

4π [(ri + ∆r=2)3 � (ri � ∆r=2)3]=3. RDF is the ratio between the particle pair number

density at a local shell and the mean value at the whole domain. In other words, RDF

describes the characteristics of particle clustering in terms of its length scale. It shows the
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Figure 3.2: The schematic view of the RDF calculation.

frequency of a given distance between two particles appears. For a large RDF value at

a distance ri, it indicates the particle pairs have distance ri are more than other distance.

Thus the particle concentration at this distance is higher, which means the particles are

more clustered at this length scale. Figure 3.2 shown the schematic view of the calculation

of the RDF value.

3.4 Computational details

In this chapter, totally six cases were performed. Their properties were listed in table 3.1.

The spherical case, SV, used the spherical motion model. Other �ve spheroidal cases used

the new spheroidal motion model. The EL96, EL90, and EL85 had the same equivalent

radius, which meant the same volume as the SV, but decreasing sphericities. The ES90
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Table 3.1: Particle properties used in the CD � Re equations.

Cases sphericity[-] equivalent radius*[m] major axis a [m] minor axis b = c [m]

SV 1.00 2:11e�5 2:11e�5 -

EL96 0.96 2:11e�5 3:00e�5 1:78e�5

EL90 0.90 2:11e�5 3:71e�5 1:60e�5

ES90 0.90 1:71e�5 3:00e�5 1:30e�5

EL85 0.85 2:11e�5 4:35e�5 1:48e�5

ES85 0.85 1:46e�5 3:00e�5 1:01e�5

* Equivalent radius is the radius of the sphere which have a equivalent volume.

and ES85 had the same sphericities as the EL90 and EL85, respectively. But their sizes

were smaller. The results of these �ve spheroidal cases were compared with the result

of the SV and also compared with each other, to discuss the in� uence on the particles

dispersion of the motion model. For all these six cases, their parameters A;B;C;X ; and Y

used in the motion model were listed in table 3.2. These parameters were obtained from

the single particle calculation.

The computational domain was a 2π � 2π � 2π cm3 cube divided by 128 � 128 � 128

grids. To maintain the isotropic turbulence, the forcing method by Chen, et, al. [18] was

used in this work. To generate the initial condition for the computation, a single-phase

isotropic turbulent �ow was generated and developed in 1000 steps. Then 9000 steps

were calculated and the particles’ Stokes number Stk, the values of the D number and

RDF were averaged. The time step was updated in each step by the constant CFL, which

was set to 0.5. The particles were tracked by the Lagrangian manner with the PSI-CELL

method. In order to organize the results in terms of the Stokes number Stk for each case,

the diameters of the particles were adjusted. For example, for the case SV, the diameter

of the particles varied from 5 �m to 66.44 �m, resulted in a Stk range from 0.03 to 5. For

the result analysis, 24 � 24 � 24 boxes were used to evaluate the D number.

Figure 3.3 shows the distribution of the vortices distinguished by the second invariant
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Table 3.2: Parameters A;B;C;X ;Y used in each case.

Cases curve A B C X Y

SV CD - - - 0.311 0.528

EL96
CDmax 0.387 0.321 0.206 0.307 0.600

CDmin 0.258 0.400 0.138 0.245 0.556

EL90
CDmax 0.525 0.299 0.171 0.389 0.583

CDmin 0.264 0.407 0.087 0.236 0.542

ES90
CDmax 0.506 0.320 0.203 0.389 0.583

CDmin 0.250 0.376 0.171 0.232 0.544

EL85
CDmax 0.697 0.268 0.175 0.497 0.563

CDmin 0.307 0.348 0.091 0.255 0.514

ES85
CDmax 0.694 0.368 0.223 0.592 0.500

CDmin 0.296 0.382 0.227 0.259 0.511

of the velocity-gradient tensor, Q2 = 10000, after the turbulent is fully developed. Q2 is

the second invariant of the velocity gradient tensor, indicating that the vortex region has

a positive value [19]. Long stretched vortices are formed and the isotropic turbulent �ow

�eld is generated correctly.

3.5 Results and discussion

Figure 3.4(a) shows the scatter plots of CD against Re for ES85 at Stk � 2:2 for all steps.

Most Re numbers are between 0.1 and 1. Figure 3.4(b) shows the PDF of CD. The PDF

of CD overlaps with the sine function’s PDF, con�rming that Equat ion (2.7) precisely

captures the behavior of a spheroidal particle.

Figure 3.5 shows the variations in the D number and the Stk number in the calculation

of ES85 at stk � 2:5. The time-averaged values of the D number and the Stk number reach

the steady state after certain step, while the instantaneous values vary. Consequently, the
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Figure 3.3: Visualization of the vortex de�ned by Q2 = 10000 for SV.

time-averaged value at the last step represents the particles’ distribution behavior in this

work.

3.5.1 Results of D number method

Figure 3.6 compares the relationship between the D number and the Stk number for the

six cases. In the lower Stk number region where the left side of the peak value of the

D number appears, SV has the largest D number followed by EL96, EL90, and ES90.

EL85 and ES85 have the smallest D numbers. However, in the higher Stk number region

where the right side of the peak value of the D number appears, the order is reversed:

EL85 and ES85 have the largest D numbers while SV has the smallest one. Particles with

the same sphericity but different sizes have almost the same D number because similar

shapes, which are determined by the same sphericity, have the same CD � Re relation.

Another property is that all these particles have almost the same peak value but the peak

position varies slightly according to the shape.

Comparing the curves of different particle sphericities (SV, EL90 and EL85 in Figure
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(a) CD and Re variation during a simulation of a particle for
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Figure 3.4: Drag coef�cient of a spheroid and its PDF curve.

24



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 1000  4000  7000  10000
 0

 0.5

 1

 1.5

 2

 2.5

 3

D
 [-

]

S
tk

 [-
]

step [-]

instantaneous Stk
average Stk
instantaneous D
avergae D

Figure 3.5: Variations in the D number and the Stk number in the calculation of ES85.

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  1  2  3  4  5

D
 [-

]

Stk [-]

SV
EL96
EL90
ES90
EL85
ES85 0.3

 0.4

 0.5  0.6
 0.4

 0.5

 4  4.1

Figure 3.6: Comparison of the D number by case.

25



3.6), as the sphericity increases, the D-Stk curve shifts toward the right hand side, chang-

ing the order of the D number between the lower and the higher Stk number regions where

the peak value of the D number appears.

Figure 3.7(a) shows the corresponding CD � Re relations. EL90 and EL85 have the

same CDmin but different CDmax, EL85 has a larger CDmax. SV’s CD curve is located be-

tween the maximum and minimum CD values of spheroidal particles but approaches the

minimum one as the Re number becomes smaller. The mean CD curve of the spheroids,

which represents the particle’s moving behavior, can be decomposed into a right horizon-

tal shift and an upward vertical shift of sphere’s CD curve. The right horizontal shift keeps

CD constant but enlarges Re. Conversely, the upward vertical shift keeps Re constant but

enlarges the CD value. However, from the de�nition of CD and Re, Equation (2.3), it can

also be written as,

CD =
8ρ f FD

πµ2Re2 ; (3.7)

It can be shown that CD ∝ 1=Re2. Hence, a small variation in Re causes a large change

of CD, but a large change of CD has a negligible effect on Re. Thus, the right horizontal

shift has a greater impact on the particle’s behavior. For the spheroid, this means the

diameter d0
p, which can represent the particle’s motion is larger than that for a sphere’s.

Namely, the spheroid’s τ 0
p is larger than that of the sphere’s, causing a larger Stk0. As

the sphericity becomes smaller, this effect becomes larger, which is why the spheroid’s D

number curve shifts to the right as the sphericity decreases.

Next compare the curves of the sphere and the spheroid with a sphericity of 0.96 (SV

and EL96 in Figure 3.6). On the left side of the peak, the D numbers for the sphere and

spheroid differ, but are almost identical on the right side of the peak. This indicates that

in the small Stk number region, the particles’ dispersion is more sensitive to the sphericity

than the large Stk number region. Figure 3.7(b) shows that in small Re number region,

which corresponds to the small Stk number region, the CD curve of SV is close to the CDmin

of EL96, the rightwards shift of the D number appears in the small Stk number region.

However, in the relatively large Re number region, the sphere’s CD curve is located in the
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middle of EL96’s CDmax and CDmin, causing overlap between these two D number curves.

3.5.2 Results of RDF method

Figure 3.8 shows the characteristics of RDF for the cases of Stk = 0:5;1:0;1:9, and 4:6.

r=η is the ratio between the distance from a particle and Kolmogorov length scale, where

a large r=η means far away from a particle. In this work, η is about 0:02147cm for all

cases. The small boxes used in the D number analysis are about 0:2618cm or 12 times

η . Therefore, on the right side of r=η = 12, the results of RDF re�ect the D number

analysis results. The results of RDF when r=η < 12 show detailed distance information

of the particles’ dispersion, which cannot be obtained from the trend of the D number. For

Stk = 0:5, a well-marked difference is observed in each case. As the sphericity becomes

smaller, the RDF values also becomes smaller, indicating the number of particles at a very

close distance from a given particle is less, the particles tend to be randomly distributed.

For Stk = 1:0, all the results almost overlap, showing that they have the same particle

number density around a certain particle. Additionally, all the results become larger than

the results of Stk = 0:5, meaning the particles are more clustered at Stk = 1:0. As the Stk

number becomes larger, the RDF values in all cases become smaller again. Unlike the

small Stk numbers, with an decreased sphericity, the RDF values become larger, indicat-

ing the particles are more clustered. These results agree well with the D number analysis

results.

Nevertheless, a difference can be found between the D number analysis and the RDF

method. For the D number analysis, peak particles clustering appears around Stk = 1:5

to Stk = 2:0, whereas the particles show peak clustering around Stk = 1:0 for the RDF

method. As mentioned above, the small boxes used in the D number analysis are about 12

times η . Figure 3.9, which shows the sum of the g(r) values when r=η < 12, demonstrates

how particles cluster at this scale. In all cases, as the Stk number increases, the g(r) value

initially increases but then decreases again, agreeing with the result of the D number

analysis. Around Stk = 1:0, all cases except SV show the peak value, indicating that the

particles are most clustered at this Stk number.
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3.6 Chapter conclusion

In this chapter, the numerical simulation on particles dispersed in an isotropic turbulent

�ow, are performed to investigate the effects of a particle’ s shape on a particle’s motion

by employing spherical and spheroidal particle motion model.

The simulation demonstrates that the particles’ shape affects the dispersion behav-

ior. Between Stk = 1 to 2, both the spherical and the spheroidal particles have the same

peak value of the D number, but in the small Stk region, particles with a larger spheric-

ity tend to be more clustered. In contrast, in the large Stk region, particles with a larger

sphericity tend to be randomly distributed. Additionally, particles with the same spheric-

ity exhibit similar dispersion behavior regardless of the particle’s size, implying that the

sphericity can characterize the dispersion properties. In the large Stk region, spheroidal

particles have an extremely large sphericity, which is close to unity, their dispersions are

similar to those of spherical particles. However in the small Stk region, the dispersion

characteristics of spheroidal particles signi�cantly dif fer from those of spherical parti-

cles. Spheroidal particles’ dispersion is much more sensitive at a low Stk number than at

a large Stk number. Consequently, in the large Stk number region, a particle with a large

sphericity can be treated as a spherical particle.
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CHAPTER 4
Particle’s shape e�ect on particle

dispersion in a jet 
ow

4.1 Introduction

As the previous chapter mentioned, many �ndings in the coal c ombustion �eld assume

that coal particles are spherical to simplify the numerical problems and reducing the com-

putational cost. However, neglecting the particle’s shape results in a decrease in the accu-

racy of the simulation. Due to the lack of relevant experimental researches, how much the

accuracy reduced is not revealed. In chapter two, a spheroidal motion model is proposed.

In chapter three, this model is validated in an isotropic turbulent �ow �eld with mono-

diameter particles. It shows the particles’ dispersion has been affected by the particle’s

motion model. Therefore we can consider that by using different particle motion model,

the results of the simulation in a coal combustion or gasi�ca tion �eld will differ.

In this chapter, �rstly an experiment is done to investigate the difference of the par-

ticle dispersion of the pulverized coal and spherical polymer particles in a jet burner.

Then a simulation which applies the experimental condition is performed using the parti-

cle’s spheroidal and spherical motion model. The Large-eddy simulation (LES) method

is used to reduce calculation cost. The simulation results are compared with the experi-

mental results. The particle’s shape effect and diameter distribution effect on the particles

dispersion are discussed and summarized.
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Table 4.1: The cases performed in the experiment.

cases particle shape diameter [�m]

Exp.
COAL complex -

POLYMER spherical 28

Exhaust

Particle 
feeder

Air
flow

Mass flow     
meter Jet

burner

Cylindrical 
lens

Camera

Laser

Pulse
generator

Figure 4.1: The schematic design of the experiment con�gura tion.

4.2 Experimental details

Figure 4.1 shown the schematic diagram of the experiment. In this experiment, the par-

ticles were transported by the air �ow and injected vertical ly into space via a jet burner.

After the injection, a laser sheet was deployed and the particles behavior was caught by

Particle Image Velocimetry (PIV) method. The laser sheet was applied at a different

height of 0, 20, 30, 60, 90, 120, 150, 180, and 210 mm from the burner exit. At each

height, 1000 graphics of the particles’ instantaneous motion were taken. The particles’

instantaneous and time-averaged Mie scatting and velocity pro�les were obtained from

the PIV. Two cases were performed, one used pulverized coal and the other used spherical

polymer particles. The details of the particles were listed in table 4.1. The COAL case

used pulverized coal, which had a composition of complex shape. The diameter mainly
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Laser

High-speed cameraJet burner

Particle feeder

Figure 4.2: A look of the experiment.

distributed in a range from few tens to hundreds micrometer. For the POLYMER case,

the particle was made of polymer, which density was about 1200 kg/m3. The shape was

spherical and the diameter was highly concentrated. During the experiment, both the par-

ticle mass �ux rate and the gas �ow rate were measured and adju sted to be constant. In

this study, the averaged �ow velocity was adjusted to 7.59 m/ s and the particle mass �ux

rate was kept 1.29194e-4 kg/s.

Figure 4.2 shows a look of the experiment.

4.3 Numerical methods

4.3.1 Governing equations

In the simulation, the LES is applied. The governing equations of the gas phase are

expressed as

∂ρ f

∂ t
+

∂ρ f eu j

∂x j
= 0; (4.1)
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∂ρ f eui

∂ t
+

∂ρ f eu jeui

∂x j
= �

∂ p
∂xi

+
∂σ i j

∂x j
+

∂τui

∂x j
+ ρ f g + Sui; (4.2)

∂ρ f
eh

∂ t
+

∂ρ f eu jeh
∂x j

=
∂

∂x j
(ρ f a

∂eh
∂x j

) +
∂qh

∂x j
: (4.3)

here ρ f , ui, p, h, σi j, and a are the gas phase density, velocity, pressure, enthalpy, viscous

stress tensor, and thermal diffusivity, respectively. τuiu j and qh are the subgrid-scale (SGS)

effects in LES.flandedenote the the spatial and Favre �ltering.

For the individual particles moving in the �uid, their motio n is tracked by Lagrangian

method. The governing equations are given by

dxi;p

dt
= ui;p; (4.4)

dui;p

dt
=

fd

τp
(eui � ui;p) + g; (4.5)

here xi;p, ui;p and τp are the particle position, velocity, and response time, respectively. fd

is the correction of the drag force acting on the particle. In this study, the empirical spher-

ical model and the new developed spheroidal model in chapter two are used respectively.

The Sui in Equation (4.2) is the interactions between the gas and solid particle phases,

written as

Sui = �
1

∆V
Σ[

mp fd

τp
(eui � ui;p) +

dmp

dt
ui;p]: (4.6)

where ∆V is the control volume of the gas phase.

4.3.2 Evaluation of particle number intensity

The Mie scattering of the experimental results is related to the particle numbers. A high

luminance of the Mie scattering means more particles and low luminance means few

particles. Thus in this study, for the simulation results, we calculate the particle number

intensity in order to compare with the experimental results. The particle number intensity

is calculated as

1. A slice of all the particles is taken. The slice emulates the laser sheet and its thick-

ness is set to 1.2 mm.
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slice

Project to
the plane

count
particle number

Figure 4.3: The procedure to calculate the particle number intensity.

2. The particles located in the slice are projected to a plane which is divided into small

boxes.

3. The particle numbers in each box are counted.

4. The particle number is normalized to a range of [0,255] for post-processing and

represent the Mie scattering.

Figure 4.3 shows the procedure of calculation of the particle number intensity.

The particle number intensity is taken averaged to make a time-averaged Mie scatter-

ing look-like result, show as Figure 4.4.

4.4 Computational details

In the simulation, totally four cases were performed, shown in table 4.2. These four cases

were dived into two groups, the G SPE group used the spherical motion model, while the

G SPO group used the spheroidal motion model. By comparing these two groups, the

particle’s shape effect were discussed. Furthermore, in each group, there were one case

with mono-diameter and one case with diameters ranging from 5 to 100 �m to discuss the

diameter distribution in�uence. All the particles had the s ame density of 1200 kg/m3, the
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Take average

Figure 4.4: By average various instantaneous particle number intensity �gures, we

�nally get a averaged Mie scattering look-like result.

Table 4.2: The cases performed in the simulation.

group cases particle model diameter [�m]

Sim.

G SPE
SPE S spherical 28

SPE R spherical 5,20,40,60,80,100

G SPO
SPO S spheroidal 28

SPO R spheroidal 5,20,40,60,80,100

36



0.0e+000

5.0e-005

1.0e-004

1.5e-004

 0  10  20  30  40  50  60  70  80  90 100

mono diameter

m
as

s 
ra

te
 [k

g/
s]

diameter [um]

Figure 4.5: The particle mass �ux rate of different diameter s.

same as the POLYMER. The mass �ux of the particles was the same as the experiment’s.

For the cases with diameter distribution, each diameter had different mass �ux rate, were

plotted in Figure 4.5. For the cases with the mono-diameter of 28 �m, their mass �ux

of the particles was the summation of the mass �ux of all the di ameters in the cases with

diameter distribution. The particles were injected into the �ow vertically and had an initial

velocity of 7.59 m/s.

The computational domain was a 0.36m cylinder with a diameter of 0.1 m. The jet

burner located at the bottom of the domain, had a 6 mm diameter and 60 mm height. The

exit of the burner was set to be y=0. The gas �ow velocity in the burner was set by using

a turbulent �ow database made by Kempf, et, al. [20]. This dat abase was based on the

experimental observations of this jet burner. The domain was shown in Figure 4.6.

4.5 Results and discussion

4.5.1 Velocity pro�le

Figure 4.7 shows the averaged vertical velocity of the particles at different heights. With

the height rising, the vertical velocity decreases. The POLYMER’s velocity is always

larger than the COAL’s velocity. This difference becomes largest at the low-middle height
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Figure 4.6: Calculation domain of the simulation.
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of about 60 mm. Then the difference becomes smaller at higher heights. The simula-

tion results are in good agreement with the experimental results at the lower and middle

heights, but larger than the experimental results at the higher height. At lower height

near the jet burner, the velocity of the simulation is a little smaller than the velocity of

the experiment. However, as the height increases, the velocity of the simulation becomes

larger than the experimental results. At y = 210 mm, shown in Figure 4.7(h), the particle

velocity of simulation is about 1.5 times compared to the experimental results. Another

thing can be noticed is that the difference between the two particle motion models is not

obvious. At all heights, there is no difference between the group G SPE and G SPO, in-

dicates that the particle vertical velocity is not affected by the motion model signi�cantly.

At low-middle height of about 60 and 90 mm, the cases with diameter distribution, SPE R

and SPO R, have a smaller velocity than that of the cases with mono-diameter, SPE S and

SPO S. This agrees with the results of the experiment, that the mono-diameter particles’

velocity is larger.

Figure 4.8 shows the standard deviation (SD) of the vertical velocity of each case.

By using the SD values, the variation of the vertical velocities can be analyzed. The

SD values become smaller as the height increases, indicates the particle vertical velocity

becomes closely distributed around the mean value. For the experiment cases, the dif-

ference between the COAL and POLYMER is not signi�cant. Howe ver, for POLYMER

at lower heights, there are large disorders. This may be caused by the measurement er-

ror. For the simulation cases, the SD values are always smaller than the experimental

results. This difference becomes obvious at higher heights. Which means in simulation

cases, the particles have highly concentrated velocities thus the SD values becomes small.

The difference of the SD values of the four simulation cases are not obvious, indicates

the SD values are not affected by the particle motion model or the diameter distribution

signi�cantly.

Figure 4.9 shows the averaged radial velocity at different heights. For all the exper-

iment and simulation cases, they show a high similarity. However, only the POLYMER

case shows an unusual behavior. At lower heights, the POLYMER shows a violent varia-
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Figure 4.7: Averaged vertical velocity at different height for all the cases.
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Figure 4.8: Standard deviation of the vertical velocity at different height for all cases.
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tion which is considered as the measurement error. At higher heights, the POLYMER has

a much larger radial velocity than the COAL and simulation cases, almost double. Despite

this, the COAL and the four simulation cases have the same radial velocity variation.

Figure 4.10 shows the SD values of the radial velocity. The results are similar to the

results of the vertical velocity shown in Figure 4.8. If we ignore the disorder part of the

POLYMER at lower heights (may be caused by measurement error), we found that at

lower heights, the SD values of COAL is larger than the POLYMER’s. As the height

increasing, the SD values of the COAL and POLYMER �rst increa se and then decrease.

The peak appears at y = 60 mm for both the two experiment cases. However, although

the peak SD value of the COAL is much larger than the POLYMER’s, since it decreases

much faster, the COAL’s SD values becomes a little smaller than the POLYMER’s at

higher heights. This indicates that the COAL’s radial velocity varies much more intense

than the POLYMER’s. For the simulation cases, the results are much smaller than the

experimental results from the lower to the higher heights. There is no difference between

the group G SPE and G SPO, but obvious difference between the cases with and without

diameter distribution. Similar to the experiment results, the SD values of the simulations

�rst increase then decrease. At higher heights, all the four simulation cases have almost

the same SD values.

From the analysis of the vertical and radial velocity pro�le s above, it shows the sim-

ulation cases are in agreement with the experiments. For the two experiment cases, the

velocity pro�les are not very different. For the four simula tion cases, some differences

have been observed at the higher heights compared with the experiment. This may due to

the resolution of the mesh. In order to reduce the calculation cost, the resolution at higher

heights has been reduced. Since the LES method is used, the mesh at higher heights may

be coarse thus the eddies may become weaker or disappear. Therefore the in�uence from

the eddies becomes weaker and the particles’ motion becomes weaker. Another thing to

note is that the difference between the spherical and spheroidal models are not signi�-

cant. The difference observed in the simulation cases are mainly caused by the diameter

distribution effect.
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Figure 4.9: Averaged radial velocity at different height for all the cases.
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Figure 4.10: Standard deviation of the radial velocity at different height for all cases.
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4.5.2 The particle dispersion

Figure 4.11 shows the instantaneous Mie scattering of the experiment results and the num-

ber intensity of the simulation results. Strong luminance means a high concentration of

particles. The difference is signi�cant. For the experimen t, the strongest luminance ap-

pears near the burner for the COAL, but appears at the middle height for the POLYMER.

One can notice is that the width of the luminescent part of the COAL is much wider than

that of the POLYMER. The POLYMER’s strong luminescent part is long and thin. An-

other thing is that the luminance of COAL monotonically decreases, while the luminance

of POLYMER �rstly increases and then decreases as heights be coming higher. At the

higher height, there is still strong luminance appearing for POLYMER, causing a �nger-

like structure. This indicates that the COAL’s clustering appears near the burner, and it

tends to randomly disperse in space at higher height. On the contrast, the POLYMER

clusters strongly at the middle height, and also tend to clustering at the higher height. For

the simulation cases, the SPE S and the SPO S, the SPE R and the SPO R have the same

look respectively. The look of the number intensity of the SPE S and the SPO S is similar

to the Mie scattering of the POLYMER. They have the �nger-lik e structures from lower to

higher heights, which indicates that the particles clustered there. The look of the number

intensity of the SPE R and the SPO R is similar to the Mie scattering of the COAL. The

�nger-like structures are not apparent, which means the par ticles for these cases are more

like to randomly disperse. For the group of G SPE and G SPO, it can be noticed that the

intensity of G SPO is little stronger than that of G SPE. This means the particles with the

spheroidal motion model is more clustered than the particles with spherical motion model

at some positions.
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(a) COAL (b) POLYMER (c) SPE S (d) SPE R (e) SPO S (f) SPO R

Figure 4.11: Mie scattering of the experiment and the particle number intensity of the simulation at instant.
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Figure 4.12 shows the averaged Mie scattering of the experimental results and the

averaged number intensity of the simulation results. For the experimental results, since

the light intensity is not averagely distributed in the laser sheet, the strongest appears at

the horizontal centerline, thus the results show a shuttle shaped luminance at each height.

Despite this, the trend can be con�rmed. Both of the results h as a luminescent line at the

vertical centerline and outside is dark blue, which means the particles have low probability

reach there. The COAL’s strongest luminance appears near the burner and monotonically

decrease. The POLYMER’s strongest luminance appears at the middle height, at lower

and higher heights the luminance is weaker. These are the same as the instantaneous

results. The simulation results have the same look. All the four simulation results have

almost the identical appearance, but still, some differences can be distinguished. The

cases with mono-diameter, SPE S and SPO S, have two strong number intensities. One

at the side near the burner and another at the lower height which is converged by the

former makes up an overturning �Y� shape. The cases with diam eter distribution, SPE R

and SPO R, although have strong number intensities at the side near the burner. However,

the vertical of the overturning �Y� is not obvious. This show s after injected into space, the

trend of the particle clustering of SPE R and SPO R becomes weaker as height becomes

higher, while the trend of SPE S and SPO S increase once and then decrease. On the

other hand, the difference between the group G SPE and G SPO is not obvious, indicates

the particle motion model has a weaker in�uence than the diam eter distribution.
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(a) COAL (b) POLYMER (c) SPE S (d) SPE R (e) SPO S (f) SPO R

Figure 4.12: Time averaged Mie scattering of the experiment and the particle number intensity of the simulation.
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Figure 4.13: The width measured at different heights.

In order to investigate how far the particles are moved, we measured the width of the

number intensity of the simulation results, shown in Figure 4.13. The wider the width,

the further the particles move. Some differences can be noticed between the group G SPE

and G SPO. For the SPE S and SPO S, the width is not that different at the lower height.

However, at middle and higher heights, the width of SPO S is wider than the SPE S’s

width, which indicates that the particles with spheroidal motion model have a trend to

move further than the particles with spherical motion model. In contrast, the SPE R’s

width is always wider than the SPO R’s, although both of them are wider than the width of

mono-diameter cases. This suggests that with the spheroidal motion model, the diameter

distribution effect has been weakened.

Figure 4.14 shows the normalized number intensity of the simulation results at dif-

ferent heights, the experimental results are also included. From the middle to the higher

heights, the simulation results show a high similarity to the experimental results. At the

lower height, since a lot of particles concentrated at the outer side, the number intensity

along the centerline becomes small for the simulation results. Still, the difference between

the group G SPE and G SPO is not distinguished. For the experimental results, except

the lower heights, the Mie scattering of the POLYMER is always larger than that of the

COAL. The peak of the Mie scattering of the POLYMER is reached at y = 90 mm, while

the peak of the COAL’s appears at y = 60 mm.
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Figure 4.14: Averaged Mie scattering intensity of the experiment and the number intensity of the

simulation at different height.
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4.5.3 RDF analysis of the particle distribution

The RDF method mentioned in chapter three is used here to analyze the detail particle

dispersion of the simulations. Figure 4.15 shows the RDF results of the simulation cases.

The horizontal axis indicates the distance, vertical axis indicates the RDF values. Some

differences between the group of G SPE and G SPO can be identi�ed. Firstly for the

mono-diameter cases, SPE S and SPO S, at the lower height such as y = 30 mm, the

RDF values of SPE S and SPO S are almost the same. As height increasing, the RDF

values decrease, and the gap of the difference between the SPE S and SPO S becomes

apparent. From y = 120 mm, both of the RDF values start to become larger again, and

the difference is getting smaller. The results show that from the lower height to the higher

height, the case with spheroidal motion model, SPO S, is more concentrated than the case

with spherical motion model, SPE S. However, the reason of the concentration difference

at each height is different. At lower heights, since the particles have just been entrained

into space, they have not yet dispersed. Thus the RDF values are large at the lower height.

While the height becoming higher, the particles start to disperse, particle pairs that have

close distance become less, therefore the RDF values become smaller. But, at the higher

height, the particles are fully dispersed in space, which means the particles are completely

in�uenced by the turbulence, and clustering, causing risin g RDF values. The close RDF

values show that the clustering of the particles of the SPE S and SPO S at higher heights

is similar.

On the other hand, for the SPE R and SPO R, the difference of the RDF values is

not signi�cant. Both of these two cases have medium RDF value s, much smaller than

the SPE S and SPO S, indicates that they are more randomly dispersed. And the RDF

values monotonically decrease as height becomes higher. The difference between SPE S

and SPE R is much larger than the difference between SPE S and SPO S. And so do the

SPO S and SPO R. This means the diameter distribution has a much stronger in�uence

on the particles dispersion than the particle shape effect.
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Figure 4.15: The RDF results at each height.
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4.6 Chapter conclusions

In this chapter, an experiment and a simulation are done to investigate the particle’s shape

effect and diameter distribution effect on the particle’s dispersion in a jet burner. the main

conclusions are summarized as

1. The particles’ velocity pro�les of the simulation are in g ood agreement with the

experimental data. However, the in�uence of the diameter di stribution and shape

effect are not apparent.

2. By count the particle’s number intensity, the Mie scattering look-like results are

obtained. The particles dispersion behavior are quite different in the experiment.

The simulation results have the same trend and indicate that the difference is mainly

caused by the diameter distribution effect.

3. By calculating the RDF values of each case in the simulation, the difference, which

is not identi�ed in the velocity and number intensity analys is, is captured. It shows

that the diameter distribution effect has a stronger in�uen ce on particles dispersion

than the shape effect, the same conclusion as the number intensity. The difference

between the spherical and spheroidal motion model is identi�ed. The particles with

spheroidal motion model are more clustering than the particles with spherical mo-

tion model in the mono-diameter cases.

As these conclusions, it suggests that in the jet burner simulations, the diameter dis-

tribution effect is much more important than the particle’s motion model. However, in the

simulations with mono-diameter particles, the particle’s motion model will give apparent

in�uence on the results.
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CHAPTER 5
A single non-spherical particle’s

ignition in a vertical uniform 
ow

5.1 Introduction

As chapter one introduced, coal utilization causes a set of environmental problems, such

as atmospheric particulate matter and CO2 emission. Thus developing a clean coal uti-

lizing technology becomes an urgent matter. The two-phase reacting �elds on pulver-

ized coal combustion boilers or coal gasi�ers in which a grea t deal of coal is consumed

need a much deeper understanding. However, the pulverized coal combustion is a highly

complex phenomenon, including the coal particle’s evaporation and devolatilization, its

surface reaction, and the gas phase reaction. These phenomena take place interactively at

the same time, therefore, it is dif�cult to make the underlyi ng physics of the governing

processes clear. And it is arduous to observe the states inside the boiler or gasi�er directly

under the extreme temperature and pressure condition. Moreover, the pulverized coal

particles have a typical size of the diameter from few tens to hundreds micrometer. The

combustion of these particles is quite fast, in few tens millisecond. It is hard to observe a

single coal particle’s combustion behavior in such limited size and limited time by experi-

ment. Hence multiphase Computational Fluid Dynamics (CFD) becomes a high-powered

evaluating and developing tool in pulverized coal combustion �eld to investigate the coal

combustion phenomenon. Lots of efforts, such as Watanabe & Otaka [9], Watanabe, et,
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al. [10], Kurose, et,al. [11], Muto, et, al. [12], Hashimoto & Watanabe [13], Hashimoto,

et, al. [21], have been done and the coal combustion phenomenon are unraveled gradually.

However, all these studies are performed on a large scale that contains a large amount of

particles and observe the macro phenomenon of the coal combustion.

Generally in CFD, how to describe the combustion process of a single coal particle is

a conundrum. The real coal particle combustion is a complex phenomenon including de-

volatilization and char combustion. These processes are affected by coal particle’s shape,

chemical composition, and environment condition. Hence it is hard to model all of these

behaviors. In CFD, the particles are commonly assumed to be spherical in order to sim-

plify the mathematical problem and reduce calculation cost. Similar to devolatilization,

char combustion and gas combustion processes are enormously simpli�ed. For coal par-

ticle’s devolatilization, Distributed Activation Energy Model (DAEM) proposed by An-

thony [22, 23] is used in general. This model does not consider the chemical structure of

coal particle. In order to simplify the problem, it is usually to assume the devolatilization

species to be several species or only one imaginary species called CaHbOc. The pro-

duction is determined by experiment in advance, therefore this model can not predict the

production in terms of particle’s temperature history. Since the devolatilization species is

assumed to be an imaginary species CaHbOc, the subsequent gas phase reaction is applied

by using global reactions. How these simpli�cations affect the simulation’s accuracy is

limited in the literature. Despite this, because DAEM needs less initial parameters and

global reactions need fewer calculation resources, it is widely used.

Meanwhile, another problem is the lack of observation of a single coal particle’s com-

bustion. As the coal particle’s combustion is a comprehensive phenomenon and it happens

in an instant, it is dif�cult to observe and to record these pr ocedures. The concrete pro-

cedures of coal particle combustion have not been declared clearly. And there are insuf-

�cient experimental data to compare with simulation result s and to verify the numerical

methods.

Fortunately, since the equipment and computer technologies develop rapidly, to catch

and record an instant of the coal particle combustion process using a high-speed cam-
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era becomes possible. Some of efforts have been done to observe the coal combustion

�ame and single coal particle burning, like Hwang, et, al. [2 4], Shaddix & Molina [25],

Molina & Shaddix [26]. Recently Lee and Choi from KAIST built an experiment to in-

vestigate different composition coal particles’ combustion in different concentration of

oxygen [27]. They inspected the ignition delay, �ame tail an d particle burning procedure

in detail and discussed the effect of oxygen concentration. Their experiment collected

plenty of data that can be used to validate the simulation results and evaluates the numer-

ical methods’ precision. On the other hand, abundant coal devolatilization models have

been proposed. Some of these new models consider the chemical structure of coal and can

calculate the production in terms of particle’s temperature history. The most stimulating

thing is that some of these models de�ne the devolatilizatio n species in detail, which can

be coupled with the detailed reaction mechanism of the gas phase. An increase in high

simulation accuracy can be expected in the basic research of coal combustion behaviors.

This chapter investigates a single coal particle’s ignition behavior by coupling the

Extended-CPD model proposed by Umemoto [28] with gas phase reactions using numer-

ical methods. The work here compares the numerical results with experimental data and

tries to reveal a single coal particle’s ignition process in detail. In previous works, we

found that a spheroidal particle’s motion behavior is similar to the coal particle’s than

a spherical particle’s (see Zhang, et, al [7]). Hence this work uses a spheroidal particle

instead of the spherical particle to examine the particle’s ignition behavior. In the �rst

stage, this work uses Extended-CPD model to calculate the volatile velocity but assumes

the volatile species to be methane and applies global reactions to gas phase reaction to

reduce calculation cost.

5.2 Numerical methods

5.2.1 Governing equations

In this chapter, the ALE method is used to calculate a single particle’s motion. The

governing equations of the gas phase of ALE method are expressed as
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∂ρ f

∂ t
+((u � u0)�∇)ρ f = �ρ f ∇�u; (5.1)

∂u
∂ t

+((u� u0)�∇)u = �
1

ρ f
∇p +

1
ρ f

∇�σ + g; (5.2)

∂h
∂ t

+((u � u0)�∇)h =
1

ρ f
∇�(Dh∇h): (5.3)

where ρ f and u are the �uid density and velocity, respectively, u0 is the mesh velocity,

p is the pressure, σ is the surface stress tensor, Dh is the enthalpy diffusion coef�cient,

and h is the total enthalpy. The ALE method is equivalent to the Lagrangian method

when u0 = u but is equivalent to the Eulerian method when u0 = 0. We apply a particle’s

velocity v to u0. Thus the slip velocity u�v is generated between the �uid and the particle,

which depends on the pressure and friction force distributions on the particle’s surface.

This means that the entire mesh around a single particle rotates and oscillates due to the

variations in the pressure and friction force distributions. The six degrees of freedom

motion of a particle in a �uid �ow can be performed by this proc edure.

The particle’s velocity is governed by the equation shown as

ρpVp
dv
dt

= FD + FB; (5.4)

where ρp, Vp and v are the density, volume, and velocity of the particle, respectively. FD

and FB are the drag force and buoyancy respectively. The drag force FD in this paper is

calculated by summing the contributions of friction and pressure as

FD = FDprs + FD f rc = �
Z

S
pey � ndS +

Z

S
n � τ � eydS; (5.5)

where n is the surface normal vector, p is the pressure, τ is the stress tensor, and ey is the

direction of particle’s motion.

The particle’s surface temperature is calculated as

mp;vCp
dTp

dt
= Qconv + Qrad + Qreac (5.6)

Qconv =
Z

S
hconv(Tf � Tp)dS (5.7)
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where Cp is the speci�c heat capacity, and Tp is the particle’s surface temperature. mp;v is

the particle mass used for the volatile gas calculation. It decreases as the particle blows out

volatile gas, differs from the constant ρp used to calculate the particle inertia in Equation

(5.4). Qconv, Qrad and Qreac are the heat transferred between the �uid and the particle vi a

convection, radiation, and particle surface reaction respectively. This paper simulates one

particle in space thus the radiation heat Qrad is neglected. No particle surface reaction is

considered thus Qreac is set to be 0. hconv in Equation (5.7) is the heat transfer coef�cient

of the gas phase.

5.2.2 Chemical reaction modeling

In this paper, the volatile gas blows out from the particle’s surface. The velocity of the

volatile gas is calculated by Extended-CPD (extended chemical percolation devolatiliza-

tion) model. Different from the usual coal devolatilization model, for instance, Flash-

Chain model [29, 30], FG-DVC model [31] and original CPD model [32�34], the Extended-

CPD model de�nes the speci�c species of volatile gas. In the E xtended-CPD model, the

composition of the light gas is de�ned as CO, CO 2, CH4 and H2O, while the composition

of tar is de�ned as benzene, naphthalene and phenanthrene (s ee Umemoto, et, al. [28]

in detail). The amount of each devolatilization species blown out will vary in terms of

the temperature history. Therefore it is possible to calculate gas phase reactions using

a detailed reaction mechanism based on the explicit de�niti on of the composition of the

volatile gas. However, in order to reduce the calculation cost, the volatile gas blown out

by the particle is assumed to be methane and a simple two-stage global reaction is applied

in this chapter. The reactions are

2CH4 + 3O2 = 2CO + 4H2O (5.8)

2CO + O2 = 2CO2 (5.9)

The procedure of calculating velocity of the volatile gas is given below.

Firstly maintain the temperature and the mass for each grid point on the particle’s

58



surface.

Secondly update the temperature of each grid point using Equation (5.6) and (5.7).

Next, calculate the volatile mass in terms of the grid point’s temperature and mass,

and then update the mass of the grid point. It is shall be noted that at this time the volatile

mass is contributed by CO, CO2, CH4, H2O, benzene, naphthalene and phenanthrene.

Next regard the composition of volatile gas as methane and convert the mass to methane’s

volume.

Finally calculate the volatile gas velocity in terms of the methane’s volume, grid area

and grid normal vector.

Because the temperature is kept and calculated by each point itself, thus a temperature

distribution will appear on the particle’s surface.

5.2.3 Flame index

Flame index FI is de�ned as

FI = OYf uel � OYO2 (5.10)

FI is the dot product of the gradients of fuel and oxidizer. It is used to distinguish

between premixed �ames and diffusion �ames [35]. A positive value of FI indicates that

the fuel and oxidizer are premixed thus a premixed �ame is for med. On the contrary, a

negative value of FI means it is a diffusion �ame. In this chap ter, FI is not only used

to distinguish between premixed �ames and diffusion �ames b ut also used to identify

premixed regions and diffusion regions of the mixture gas before ignition.

5.3 Computational details

Figure 5.1 shows the schematic of the simulation. Uniform hot gas with 1273K temper-

ature �owed upwards with a velocity of 1 m/s. The hot gas was as sumed to be air, com-

posed of 79% N2 and 21% O2. The particle was injected into the hot gas �ow horizontally
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Figure 5.1: Schematic of simulation.

Figure 5.2: Calculation domain and particle shape.
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Table 5.1: The property of the

spheroidal particle used in this

chapter.

Density [kg/m3] 1500

Diameter a [�m] 60

Diameter b = c [�m] 35.5

Initial orientation [�] 0

Sphericity [-] 0.957

and heated. The initial temperature of the particle was 373K and the initial velocity was

1.5 m/s. All these con�gurations satis�ed the experiment do ne by Lee & Choi [27].

As previous research (Zhang, et, al. [7]), it was found that a spheroidal particle has

a much similar motion with coal particle rather than a spherical particle. Speci�cally, a

coal particle with complex shape will rotate in a �ow. The sph eroidal particle can have

the rotation behavior as coal particle, while the spherical particle can not. For the drag

coef�cient, when a coal particle rotates, the particle’s dr ag coef�cient curve oscillates.

The spheroidal particle’s drag coef�cient curve also oscil lates, similar to the coal particle.

However, the spherical particle’s drag coef�cient has no os cillation, not like the coal

particle and the spheroidal particle. Hence we considered it was better to use a spheroidal

particle instead of a spherical particle to investigate the coal particle’s behavior. We used

a spheroidal particle with a sphericity of 0.96. The property of the particle was listed

in table 5.1. Initial orientation was the angle between the spheroid’s major axis and the

horizontal plane.

The particle was placed in the upward �ow at the beginning of t he computation. At

the beginning, the particle was �xed forcibly until 40000 st eps. During this time, the

uniform hot �ow was built and stabilized. After that, the par ticle was released, and the

six freedoms of the calculation started. While releasing the particle, a horizontal initial

velocity of 1.5 m/s was given to simulate the injection. The calculation domain was shown
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Figure 5.3: Six tracking points are chosen.

in Figure 5.2.

When the particle was released, the temperature distribution was uniform, 373K. After

the particle was heated, a temperature distribution appeared over the particle’s surface. In

order to trace the temperature variation, six points on the surface were chosen. These

points were evenly distributed on the surface and were the most representative points.

The points were shown in Figure 5.3.

The parameters needed for Extend-CPD model were listed in table 5.2. All these

properties were kept by each grid point over the particle’s surface during the calculation.

5.4 Results and discussion

5.4.1 Particle surface temperature and volatile velocity

Figure 5.4 shows the temperature variation of the six tracking points chosen over the par-

ticle’s surface. The initial temperature of each point is 373K. After the particle’s release,

the temperature grows as heat transfers from the �uid to the p article. The temperature of

the two particle heads (LEFT and RIGHT) is about 100K higher than the temperature of

the particle body. The RIGHT has the highest temperature and the LEFT’s temperature is

a little lower. The UP has the lowest temperature on the surface. The FRONT and BACK
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Table 5.2: The parameters needed for the Extend-CPD

model. Here the unit of NMR analysis indicates how many

chemical bonds in one mole bonds. Ar represents the

aromatic ring.

Elemental analysis

C % 83.26

H % 4.30

O % 11.49

N % 0.30

S % 0.64

NMR analysis

Ar-CH2-CH2-Ar mol=mol 0.160

Ar-CH2-CH2-Ar mol=mol 0.000

Ar-Ar mol=mol 0.000

Ar-O-Ar mol=mol 0.415

Ar-CH2-Ar mol=mol 0.000

Ar-COOH mol=mol 0.105

Ar-OH mol=mol 0.196

Ar-CH3 mol=mol 0.088

Ar-H mol=mol 0.462

aromatic ring ratio

1 ring % 23.2

2 ring % 10.3

3 ring % 66.5

4 ring % 0.00
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have a temperature between the UP’s and DOWN’s. This can be understood because the

particle is injected into the hot �ow with an initial velocit y towards the right direction.

Thus the RIGHT hit the hot �ow directly and has the highest tem perature. For the LEFT,

since the particle rotates counterclockwise, the LEFT hits the hot �ow from the bottom

side thus its temperature also becomes higher. Due to the hot �uid separates from the

upside of the particle, the UP has the lowest temperature. At about 4ms, the temperature

of all points suddenly increases. It is considered that the particle ignites at this moment.

Figure 5.5 shows the volatile velocity at the surface of the six tracking points. The line

colors in this �gure correspond to that of Figure 5.4. The seq uence of the velocity mag-

nitude is the same as the sequence of the temperature. The volatile starts to been released

while the particle surface temperature is greater than about 800K. At the beginning, the

volatile velocity of the RIGHT and LEFT is much larger than that of the other 4 points.

From about 3.5ms, the volatile velocity of the RIGHT and LEFT becomes constant, while

other points’ velocities are still increasing. That is because, in the Extended-CPD model,

the volatile mass is only affected by temperature, mass, and the mass composition. The

RIGHT and LEFT release more volatile gas out than other points and have a faster de-

crease in mass. At about 3.5ms, the effects of temperature increase and mass decrease

to the volatile velocity reach a balanced state, thus the velocities of these two points be-

come constant. At about 4ms, because the temperature suddenly increases, all the volatile

velocities suddenly increase at the same time.

5.4.2 Comparing with experimental result

Figure 5.6 and 5.7 show the experimental results of Lee & Choi [27]. They show the

ignition delay of the particle and the tail �ame incline angl e respectively.

In this chapter, the particle size is 60 �m and the oxygen concentration is 21%. In

Figure 5.6, the particles with a diameter of 75-90 �m ignites at about 4.5ms while the

oxygen concentration is 21%. The �gure also shows that the ig nition delay decreases

while the particle size becomes smaller. Hence the particle with a size of 60 �m shall

ignite within 4.5ms. The simulation results show that the particle ignites around 4ms,
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Figure 5.6: The ignition delay of the experimental. The diamond mark represents the

simulation result.

which is in good agreement with the experiment.

Due to the slip velocity generated between the particle and the hot �ow, the �ame

around the particle inclines. The inclined angle of the �ame in this work is about 50

degrees. The �ame inclined angle is related to the slip veloc ity between the particle

and the hot �ow. For the experimental result shown in Figure 5 .7, the �ame inclined

angle is plotted against the velocity ratio which is the ratio of coal particle carrier gas

velocity versus the hot �ow velocity. In their experiment, t he coal particle’s velocity is

not measured. At the instant while the coal particle is injected into the �ow, the velocity

of the particle is not exactly the same as the carrier gas velocity. We found that in their

experiment a coal particle’s velocity is in a range of 0.9m/s and 1.1m/s, while the carrier

gas velocity is in the range of 1.3m/s and 2.7m/s. This leads to a slip velocity range

from 0.2m/s to 1.8m/s. Therefore the particle with an initial velocity of 1.5m/s in this

work has the velocity ratio range from 1.7 to 3.3. In Figure 5.7, by considering the slip

velocity, the minimum, maximum and mean values of this work are plotted. It shows that

the simulation result of an inclined angle of 50 degrees is in good agreement with the

experimental result at the mean velocity ratio. It is con�rm ed that the simulation result is

accurate.
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5.4.3 Mixture gas formation before ignition

Figure 5.8 shows the premixed and diffusion regions’ development around the particle.

A pink color indicates the premixed region and a white color indicates the diffusion re-

gion. The green color represents FI=0. Figure 5.9 shows the premixed and diffusion

regions’ development and the corresponding temperature distribution. Only temperatures

higher than the environmental temperature 1273K are shown, which means temperatures

lower than 1273K are shown in white color. The black line overlaps with the temperature

represents FI=0, which shows the boundary of the premixed and diffusion regions.

After the particle is released and heated, as Figure 5.4 shows, the two heads of the par-

ticle have the highest temperatures compared with other points, the volatile gas starts to

blow out from these parts. A tiny premixed region appears near the right head of the par-

ticle, shown in Figure 5.8(a). At 1.5ms, it clearly can be seen that a premixed region has

formed around the particle, and outside is a thin diffusion region (Figure 5.8(b)). While

these two regions are expanding, the diffusion region has a faster expansion rate, accord-

ing to Figure 5.8(c) and 5.8(d). The premixed region inside becomes inclined towards

the up-left side behind the particle. Its shape looks spherical but has the particle located
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at the bottom-right boundary of it (shown in Figure 5.8(c) and 5.9(b) ). This is because

relative to the particle, the �uid is �owing towards the up-l eft side and the stagnation point

appears at the bottom-right side of the particle. Thus the premixed region won’t expand

to the front side of the particle but expands to the rear side. The diffusion region expands

but keeps its spherical shape (Figure 5.8(c), 5.8(d) and 5.9(b)).

From 3ms to 3.5ms, the two regions keep their size and stop propagation. However,

the rear parts of them become smaller and both become elliptical (Figure 5.9(d)). Ref-

erence to the temperature shown in Figure 5.9(a) and 5.9(c), a high-temperature region,

where the temperature is higher than the environmental temperature 1273K, appears at

the rear boundary of the premixed and diffusion regions. This high-temperature region

appears at about 2.5ms and expands. At about 3ms, the high-temperature region becomes

ring-shaped and encircles the particle, shown in Figure 5.9(a). At that time, the tempera-

ture with pale blue color around the particle is only a little higher than 1273K. This high

temperature expands slowly and rises a little at 3.5ms, shown in Figure 5.9(c).

This behavior can be explained as that while the particle is releasing the volatile gas,

the concentration gradients of methane and oxygen are formed, as shown in Figure 5.12.

All plots are plotted along the white line shown in Figure 5.12(a). As the plot passes

through the particle, there are no data at the particle location thus there is a gap at the

center of each plot. It is obvious that the mole fraction of methane becomes smaller and

the mole fraction of oxygen becomes larger away from the particle. Because the parti-

cle’s surface temperature is lower than environmental temperature 1273K, a temperature

gradient appears. The temperature becomes higher when away from the particle. Figure

5.12(b) shows the mole fraction of the gas and the gradient of temperature at 2ms. For the

existence of the methane and oxygen, the reaction occurs although it is very slow. At the

boundary of the premixed and diffusion regions, the concentration of methane and oxygen

has a better ratio and the temperature is high enough. Outside the boundary, although the

temperature is higher and oxygen is rich, the concentration of the methane is too low thus

the reaction becomes slow. Inside the boundary, the concentration of the methane is high

but the temperature is not high enough thus similar reaction becomes slow. Since the re-
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(a) 1.00ms (b) 1.50ms

(c) 2.00ms (d) 2.60ms

Figure 5.8: The premixed region and diffusion region identi�ed by FI. Green area is FI =

0.

action has the fastest reaction rate at the boundary of the premixed and diffusion regions,

the heat accumulates faster than other places. As the result, the high-temperature region

appears at the boundary of the premixed and diffusion regions. From Figure 5.12(c), as

the high temperature appears, the reaction becomes faster and oxygen is consumed faster

than other places, thus a hollow of oxygen concentration appears at the boundary.

5.4.4 Ignition behavior

Figure 5.10 and 5.11 show the premixed and diffusion �ames’ d evelopment and the corre-

sponding temperature distribution. Here since the high-temperature region appeared and

the gas phase is ignited, the FI identi�es the premixed and di ffusion �ames. The black
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(a) 3.00ms (b) 3.00ms

(c) 3.50ms (d) 3.50ms

Figure 5.9: The premixed region and diffusion region identi�ed by FI and corresponding

temperature distribution. Green area and black line represent FI = 0.
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line of FI=0 indicates the boundary of the premixed and diffusion �ame.

From Figure 5.10(a), the high-temperature region which appeared before ignition be-

comes larger and expands towards the particle, and its temperature gets higher. Compared

to Figure 5.9(c) at 3.5ms, the region with the highest temperature moves toward the parti-

cle because the particle side has a richer concentration of methane. During that time, due

to the methane and oxygen consumption, both premixed and diffusion �ames become

smaller from the rear, show in Figure 5.10(b). At 3.99ms, the temperature grows rapidly

and its area expands larger. However, the highest temperature region stops moving to

the particle but elongates itself to both sides of the particle, as shown in Figure 5.10(c).

This is because of the volatile gas blow-out effect. The volatile gas is blown out from

the particle’s surface and pushes the �ame away from the part icle. Figure 5.10(d) shows

the same tendency, that the premixed and diffusion �ames beh ind the particle stop getting

smaller and keep their thickness. The premixed �ame becomes slender and the diffusion

�ame seems to disappear at point A and B. At 4ms, the high-temp erature region has a

trend to swallow the particle up and the highest temperature is nearly 3000K, indicates

that the reaction is violent, given in Figure 5.10(e). The �a me in Figure 5.10(f) shows

that the diffusion �ame separates into two parts by the premi xed �ame at point A and

B (Figure 5.10(f)). The front part of the diffusion �ame keep s its round shape and the

rear part keeps its position. Figure 5.11(a) shows the moment when the �ame encircles

the particle. The high-temperature region almost swallows the particle up. The diffusion

�ame has a trend to cut the premixed �ame and surround the part icle from point A and

B, shown in Figure 5.11(b). At 4.02ms, both premixed and diffusion �ames separate into

two parts. Around the particle, a premixed �ame is formed and outside is the diffusion

�ame. Both �ames are round shaped. On the bottom-right side, there are the remain

parts of the premixed and diffusion �ames, and these two part s are located at the outside

boundary of the high-temperature region, show in Figure 5.11(c) and 5.11(d). These two

parts �nally disappear as the reaction continues at 4.6ms. T he premixed �ame around

the particle also disappears since the oxygen inside the �am e is totally consumed and its

concentration becomes zero, therefore inside the diffusion �ame, the FI becomes zero.
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The highest temperature around the particle decreases because the oxygen concentration

is not rich enough. However, the diffusion �ame propagates a nd its size becomes quite

large. Finally, the diffusion �ame reaches a stable state, w hich is shown in Figure 5.11(e)

and 5.11(f).

Figure 5.12(d) and 5.12(e) show the gas mole fraction and temperature gradient when

the gas phase is ignited. After the gas phase is ignited, the temperature becomes extremely

high and correspondingly the oxygen mole fraction becomes lower. Finally, the oxygen

inside becomes zero and the temperature decreases (plotted in Figure 5.12(f)).

This procedure explains the sudden increase in temperature and volatile velocity shown

in Figure 5.4 and 5.5 which appears at about 4ms. At that time, the volatile gas around the

particle is ignited at the up-left side behind the particle. The �ame propagates toward the

particle thus the particle surface temperature increases fast. This high temperature also

causes a rapid increasing of volatile velocity.

5.5 Chapter conclusions

This paper reports a direct numerical simulation of the ignition of a single particle freely

moving in a uniform �ow. The particle has volatile gas blowin g out from the surface.

The volatile velocity is calculated using Extended-CPD model and its composition is

assumed to be methane. The particle’s heating, devolatilization, ignition and burning

processes are caught and discussed. It is found that after the particle is heated and started

to release devolatilization species, a premixed and diffusion regions are formed around

the particle. These two regions are concentric and the diffusion region is outside. The

gas phase is ignited at the boundary between the premixed and diffusion region at the rear

of the particle. The �ame propagates fast and encircles the p article in a moment thus the

temperature of particle’s surface rises rapidly. This leads to the sudden increase of the

volatile velocity on the particle surface. The ignition time and the �ame inclined angle

show a good agreement with that of experimental results.

In the future, a similar simulation with a fully functioned Extended-CPD model cou-
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(a) 3.95ms (b) 3.95ms

(c) 3.99ms

A

B

(d) 3.99ms

(e) 4.00ms

A

B

(f) 4.00ms

Figure 5.10: The premixed �ame and diffusion �ame identi�ed by FI before 4ms. Green

area is FI = 0.
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(a) 4.01ms

A

B

(b) 4.01ms

(c) 4.02ms (d) 4.02ms

(e) 4.60ms (f) 4.60ms

Figure 5.11: The premixed �ame and diffusion �ame identi�ed by FI after 4ms. Green

area is FI = 0.
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Figure 5.12: The concentration variation of methane and oxygen. Temperature is also

shown in it. (a) shows the white line where the data sampled. The sample line length is 2

mm, particle is located at the center, thus the points at 1 mm do not have data.
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pling with the detailed reaction mechanism will be performed. And not only the spheroidal

particle but also the spherical particle and the coal particle with a complex shape will be

applied to the simulation in order to investigate the shape effect on the particle’s ignition.
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CHAPTER 6
Conclusions and suggestions

6.1 Conclusion of the dissertation

In this dissertation, we mainly study the particle’s shape effect on the particle’s dispersion

behavior in the turbulent �ow. The most outstanding contrib ution of this dissertation is

a new spheroidal particle motion model is proposed and validated. This model is made

based on the numerical simulation of six degrees of freedom motion of a single spheroidal

particle. We found the spheroidal particle’s CD � Re curves oscillated between a limited

upper and lower band. After taking the PDF, it is the same as the sine curve’s PDF.

Therefore, we made the spheroidal particle motion model using the form of the Equation

(2.4) and the sine function. The model is written as

log10CD = log10CDmin +(log10CDmax � log10CDmin) �
sin(2πθ) + 1

2
; (6.1)

where θ is a random number between 0 and 1, represents the spheroidal particle’s rotation

angle. In this solution, 0.75 means the particle is vertical, and 0.25 means the particle is

horizontal. CDmax and CDmin are represent as

CD =

8
><

>:

24
Re(1 + A � ReB�C�log10 Re); 0:01 < Re � 10

24
Re(1 + X � ReY ); 10 < Re � 100

(6.2)

where A;B;C;X ; and Y are the parameters that are determined by the six degrees of free-

dom for the particle’s motion.
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This model is compared with the empirical spherical motion model in chapter three.

The shape in�uence on the particles’ dispersion in the isotr opic turbulent �ow is studied.

The isotropic turbulent �ow is maintained to keep its turbul ent strength and the particles’

dispersion is statistically analyzed using D-value method and RDF method. The results

are organized in terms of the Stk number and demonstrate that the particles’ shapes do

affect the particles’ dispersion behavior.

Since the particle’s motion behavior is markedly affected by the shape, thus in the

large-scale simulations of the coal combustion �eld which h ave a large amount of par-

ticles dispersing may lead to inaccurate results. In chapter four, we performed both an

experiment and a simulation of particles’ dispersion of a real scale jet burner. The same

as chapter three, the newly proposed spheroidal and empirical spherical particle motion

model is used. Simultaneously, the particle’s diameter distribution effect is also con-

sidered and discussed. We �nd compared with the particle’s s hape effect, the particle

diameter distribution has a much stronger impact on the particles’ dispersion behavior.

Thus in the simulations considered the particle’s diameter distribution, the results may

still be able to keep a certain accuracy while using empirical spherical particle motion

model. However, in the simulations with mono-diameter particles, the particle’s shape

effect is obvious and shall be considered carefully.

Due to the particles’ dispersion behavior is in�uenced by th e particle’s shape, we can

image that this difference will in�uence the particle’s ign itability, �ammability, and the

concentration of combustible gases released by the particle in the turbulent �ow. In order

to reveal this difference, as the �rst stage, in chapter �ve, we performed a simulation to

investigate the single spheroidal particle’s ignition behavior. The particle releases volatile

gas and its velocity is calculated using a newly developed devolatilization model called

Extended-CPD model. The volatile gas is assumed to be methane and the gas reaction is

calculated by two-stage global reactions. The results are in quite well agreement with the

experimental results which are published by Lee & Choi [27]. Furthermore, we �nd that

both the diffusion and premixed regions or �ames are formed a round the particle. This is

not revealed by the experiments in the past.
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6.2 Directions for future works

This work is only a beginning of non-spherical particle motion modeling. Many �elds

can yet be explored. Some of the directions for further work are presented here.

Firstly, the end of this dissertation only explored the single spheroidal particle’s igni-

tion behavior. According to the conclusion of chapter three, the particle shape will affect

the particles’ dispersion behavior in an isotropic turbulent �ow. Then we can believe that

if the particles release volatile gases, the particles’ dispersion will affect the gas’s dis-

tribution. This means the ignitability, �ammability, and t he concentration of combustible

gases will be in�uenced by the particle’s shapes. How signi� cant this in�uence is requires

further study. A simulation of the particles dispersing in the isotropic turbulent �ow and

releasing volatile gases shall be performed in the future.

Secondly, the spheroidal particle model proposed in chapter two only explored and

modeled the drag coef�cient CD. Although the drag force dominates the particle’s motion

in most cases, the lift force has a considerable effect, relatively. Hence, the lift coef�cient

CL, calculated from lift force, also shall be modeled. This requires not only to extract

the information of the drag force but also to extract the lift force and study the relations

between the CL and Re.

Thirdly, the spheroidal particle motion model discussed here uses a random number

to determine the CD value from the Re number. However, since the random number is

generated randomly, it has no relations to the previous numbers. This means that using

this model, the particle’s CD value calculated has no relations to the particle’s previous

states. This is a problem since the particle’s motion is a continuous behavior. It will

be affected by particle’s previous states and will affect subsequent behavior. Thus, this

model is imperfect and has to be improved in the future.
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