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SYNOPSIS

Multiphase flow dynamics in different multiphase reactors for shear controllable
synthesis process is a multidisciplinary study intersecting reactor engineering, chemical
reaction, molecular dynamics and micro-technology. The functional fine particle
produced by shear controllable synthesis has broad applications in pharmaceutical
engineering, energy field, electronic technology, environmental engineering and other
fields, providing a foundation for modern high-tech industries. Considering the
drawbacks of traditional multiphase reactors including high energy consumption, low
conversion rate, poor mixing performance, thermo-runaway and long reaction time,
novel multiphase reactors such as impinging jet reactors (IJR) and swirling vortex flow
reactors (SVFR) are employed to prepare micro/nano particles. Its hydrodynamics
effect on mixing, heat and mass transfer, chemical reaction and synthesised particle
properties has been discussed in this PhD thesis. In order to improve the particle
synthesis process in aforementioned aspects and enhance production efficiency for
target particle characteristics, fine-particle synthesis process is prepared by approach of
turbulence intensification. In this research, investigation on particle synthesis process
in [JR and SVFR assist by ultrasound has been carried out on aspect of flow pattern,
chemical reaction, mixing and mass transfer. Moreover, the laminar-regime
hydrothermal post-treatment in hydrothermal autoclave has been attempted and
analysed to further improve and modify the synthesised particle properties. It has been
widely realised that controllable synthesis is a complex process with considerations of
mass, momentum and energy transport as well as sophisticated chemical reaction and
the deep understanding of such a process is still challengeable. Consequently, there is
a necessity to build models and correlations on multiphase flow dynamics and particle

synthesis to achieve the aim of shear controllable synthesis of micro/nano particles.
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The principal work conducted and delivered outcomes from the research are

summarised:

(1) Chapter 2 presents a fast way of preparation of nano-sized FePOy4 in the impinging

jet reactor (IJR) with assist of ultrasound irradiation. Impinging jet reactor is a fast-
mixer where the two linear liquid jets collide with high velocity to diminish the
segregation. The collision in high speed creates a stagnant region where engulfment
occurred breaking eddies into smaller ones in Kolmogorov scale. By imposing the
ultrasound to the IJR, micro-scale turbulent eddies generated as the result of
collapse of acoustic streaming which generates strong local shear. Both
experimental and simulation work has been carried out and results show that
turbulence is intensified by acoustic streaming and FePOy particles are synthesised
with higher crystallinity, better uniformity, higher porosity and smaller size. Such
characteristics benefit FePO4 nano-particles as precursor materials for subsequent
assembly, especially high porosity that is important for subsequent assembly for

lithium ion batteries.

(2) Chapter 3 mainly focuses on micromixing that takes place down to the molecular

iv

level. In this chapter, the chemical reaction has been considered and analysed not
only experimentally but also in simulation work. This chapter investigates the
micromixing performance in the impinging jet reactor by employing Villermaux-
Dushman reaction with variables of acid concentration, inlet Reynolds number and
ultrasound amplitude. It is found that higher acid concentration leads to higher
likelihood of occurrence of side reactions, thus contributing to higher segregation
index and poor mixing performance. Furthermore, both increasing inlet Reynolds
number and ultrasound amplitude contribute to intensification of turbulence. To be
specific, the micromixing time is significantly reduced up to 66.7% once ultrasound
power increases to 840W. The simulation results show consistence with

experimental results within the margin of error. The enhancement of micromixing



performance owing to turbulence intensification by the adoption of ultrasound is
attributed to engulfment flow and generation of small-scale as the result of acoustic

streaming.

(3) Chapter 2 and 3 have discussed the multiphase flow dynamics on FePO4 nano-
particle synthesis and micromixing performance in the IJR. Chapter 4 concentrates
on a totally different structured mixer that is firstly put forward in this thesis named
‘swirling vortex flow reactor (SVFR)’. The SVFR is able to generate a strong
‘Rankine vortex-like’ flow with a great velocity gradient in the radial direction,
trapping the synthesised aggregated SiO> nano-particles into the vortex core to form
aggregation. The mass transfer is studied by combination of simulation and
experiment in the shear controllable synthesis of nano-sized aggregated particles in
a swirling vortex flow reactor. It is found that the mass transfer can be significantly
enhanced by engulfment between the slabs due to liquid streams tangentially
entering the reactor. Local shear in the turbulent eddies with the length scales down
to the Kolmogorov scale shape the aggregated SiO> nano-particles, yielding well
spherical morphology and narrower size distribution. Furthermore, both numerical
simulation and experimental results clearly indicate that assist of ultrasound is able

to further enhance the mass transfer due to the intensified micro-turbulent streaming.

(4) The properties of aggregated SiO> nanoparticles synthesised in SVFR can be further
modified by hydrothermal post-treatment that is discussed in Chapter 5. Unlike [JR
and SVFR, the shear force in hydrothermal autoclave driven by natural convection
is steady and gentle in laminar flow regimes indicated by Rayleigh number. The
natural convection acts as driven force on particle movement significantly affected
by the temperature difference. A visual image of Rayleigh-Benard vortex pattern in
the hydrothermal autoclave has been reproduced via Euler—Lagrange modelling
with two-way coupling. The buoyance force is strengthen by increasing temperature

difference between top-half region and bottom-half region. The buoyance-driven



convection greatly promotes heat transfer and in turn weaken the temperature
gradient. Furthermore, particle trajectory shows that particle is tightly trapped in
circulation flow but affected by disturbance. From experimental results, SiO>
particles are synthesised with smaller size, higher tapped density with higher
crystallinity under consistent and steady shear flow. The hydrothermal post-
treatment for aggregated SiO2 nano-particles makes it possible for one-step particle

control without calcination.

In short, this thesis gives insight in detailed particle synthesis process modelling in two
main multiphase reactors (IJR and SVFR) and experiments of synthesis of FePO4 and
Si0» aggregated particles are performed to analysis effect of hydrodynamics on particle
properties. The attempt of combination of fast-mixer and external ultrasound field in
micro/nano-particle synthesis has successfully intensified turbulence and such
combination has positive effects on aspects of chemical reaction, mixing performance
and mass transfer. Except for experimental work, the simulation work has been carried
out to analyse flow patterns, turbulent intensity, chemical reaction as well as particle-
fluid interaction in particle synthesis process in multiphase reactors. Such investigation
makes it possible to build correlations on hydrodynamic parameters and particle
characteristics and helps to predict the behaviour and properties of particles. This is

meaningful for design, upgrade and scale-up of multiphase reactor in synthesis process.
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Am [m?/s]
4 [-]
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AR [-]
A [-]
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C [-]
C, [mol/L]
G [-]
c; [mol/m?]
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Cr [-]
¢ [mol/m?]
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d [m]
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dyp [m]
D [m?/s]
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Molecular diffusivity

Pre-exponential factor

Surface area

Active ratio

Constant

Archimedes number

Kolmogorov constant

Concentration of the bulk solution
Solubility of the particle

Saturated state concentration

Actual state concentration

The concentrations of species 1 in phase 1
The concentrations of species 1 in phase 2
Saturated concentration of the species A in phase 2
Transient concentration at time ¢
Turbulent coefficient

The concentration at the grid point
Optimal mixing concentration

Annulus width

Inlet diameter

Impeller diameter

Bubble diameter

Particle radius

Mass diffusivity



AG,

AG

[m?s]
[m?s]
[m]
[-]

[Hz]

[Hz]

[-]
[1/5]
[m?/s’]
[mol/(L-s)]
[-]
[mol/(L-s)]
[m?s]
[m?s]
[m?s]

[m]

Diffusion coefficient

Thermal diffusivities

Bed diameter

Damkohler number

Total kinetic energy

Measured frequency
Nondimensionalised frequency
Dimensionless drag coefficient
Drag force acting on the individual particles
Froude number

Gravity acceleration
Acceleration due to gravity
Bulk free energy

Total free energy

Suspension homogeneity

Hatta number

Settled bed height

Phase

Turbulent intensity

Rate of nucleation

Turbulent kinetic energy

Rate of surface reaction
Boltzmann’s constant

Intrinsic reaction rate constant
Solid-liquid mass transfer
Volumetric mass transfer coefficient
Mass transfer coefficient

Outlet length

XXV



my

Nu

Ntotal

Nactive
np

Pr

Re
Rej

Re

Sc
Sh
Sh

Shimoa

Ta

XXVi

[ke]

[pa]
[pa]

[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]

Mass of single particle
Nusselt number

Total particle number

Active particles number
Particle number density
Prandt] number

Pressure

Nondimensionalised pressure
Radius of the particles

Mean radius of the inner cylinder and outer cylinder
Ratio of two volumetric flow
Reynolds number

Reynolds number of inlet jet
Reynolds number of particle
Supersaturation of the solution
Schmidt number

Sherwood number

Average Sherwood number
Modified Sherwood number
Taylor number

Reaction time

Micromixing time

Axial velocity of fluid

Fluid velocity vector

Time average velocity
Instantaneous fluctuating velocity
Velocity vector

Liquid velocity field



u [m/s]
U [m/s]
Uy [m/s]

4 [m?]

Vin [m/s]

v [m?]

vy [m/s]
Xy [-]
Xav [-]

Xs [-]

Greek letters

a [-]
ay [-]

a [m’]
€ [m?/s3]
€ [-]

Emf [-]

£ [m?/s3]
n [m]
M [m]
Np [m]
K [1/m]

Kth [m/s]

E(x) [-]
Y [-]
¢ [-]

Velocity field

Minimum fluidisation velocity

Superficial fluidisation velocity

Liquid volume

Inlet flowrate

Molar volume

Bubble slip velocity

Volume fraction of solid at each plane
Average volume fraction of solid at all planes

Segregation index

Mixing quality

Phase volume fraction

Interfacial area

Energy dissipation rate

Bed voidage

Bed voidage at minimum fluidisation
Local turbulent energy dissipation rate
Kolmogorov’s length scale
Kolmogorov scale

Batchelor scale

Wavenumber

Heat transfer rate

Energy spectrum

Stoichiometric factor

Sphericity of particles

xxvii



p [Kg/m’]
P [Kg/m?’]
Pp [Kg/m’]
Po [Kg/m’]
Py [Kg/m’]
Pp [Kg/m’]
T [s]
Ts [s]
Tk [s]
TG [s]
TR [s]
Tp [s]
T [pa]
L [s]
T, [s]

i [pa-s]
Hg [pas]
v [m?/s]
v [m?/s]
0 [m]
Oimax [-]

CHPATER 2
A [m?]
C [m/s]
1 [-]
Ca [-]

xxviii

Density

Liquid density

Particle density

Packed bed bulk density

Gas density

Particle density

Macro-mixing time

Meso-mixing time

Engulfment time constant

Characteristic time for molecular diffusion
Reaction time

Characteristic diffusion time

Viscous stress tensor

Typical turbulent time scales

Chemical time scales

Dynamic viscosity

Dynamic viscosity of gas

Kinematic viscosity of fluid

Kinematic viscosity of fluid

Thickness of the gas film and liquid film

Maximum variance of the mixture

Cross section area of the reactor chamber
The sound speed in the water
Empirical constant

Empirical constant



Ci [mol/L] The concentration of species i

Ce [C] The concentration of lithium ion inside electrolyte
Cy [-] A function of the local turbulent Reynolds number
Gy [J] The generation of turbulence kinetic energy

K [-] Crystallite shape factor or Scherrer’s constant

L [nm] Average crystallite size L

P [Pa] Pressure drop

Q [m3/s] Volumetric flow rate

\Y [m3] Volume

f [Hz] Frequency of the ultrasound wave

h [m] Distance from the bottom the IJR

k [m?/s?] Turbulent kinetic energy

1 [-] Continuous or dispersed phase

I [W/m?] Sound intensity

p [kg/m3] Average density of liquid bulk
Dus [W] Ultrasonic power

p [pa] Pressure

Pu [pa] Pressure induced by sound field

Pa [pa] Amplitude of the sound pressure

R [-] Space correlation factor
Re; [-] Local turbulent Reynolds number

t [s] Time

u [m/s] Liquid velocity

\% [m/s] Inlet velocity

Greek letters
B [rad] Peak width of the diffraction peak profile at half

maximum height

XXix



£ [m?/s3] Turbulence dissipation rate

Ok [-] Empirical constant

O [-] Empirical constant

0 [degree] Degree in XRD diffraction

e [kg/m-s] Turbulence viscosity

v [N-s/m?] Dynamic viscosity

A [nm] The wavelength of X-ray

y [-] Mixing parameter

r [m?/s] Turbulent diffusion coefficient

Q [s71] Cross section average vorticity
Operators

In the three-dimensional coordinates (X, y, z) with the unit vectors (i, j, k), the operators

can be defined as follows,

oo 2 i
ox " dy 0z
02 0% 07
A=Vi= Frcis ay? o3
CHPATER 3
Assg [mol] Absorbance at 353 nm
A [m?] Area of the ultrasonic transducer
c [m/s] Sound speed in water
C; [mol/m?] Ton concentration
C'(t) [mol/m?] Standard deviation of concentration
C'ax [mol/m?] Maximum deviation

XXX



G

] us

Ji

<k>

eq

Py

Pultra

P us

Re

Rer

Im

[mol/m?]

[ke/s?]
[keg/(s’m)]
[M]
[W/m?]
[kg/(m*-s)]
[m?/s?]
[m?/s?]
[-]
[m]
[pa]
[pa]
[W]
[W]
[m/s]
[m/s]
[-]
[kg/(m*-s)]
[-]
[-]
[s]
[s]
[s]

Initial acid concentration
Constant coefficient
Constant coefficient
Constant coefficient
Inlet diameter
Damkohler number
Gravitational acceleration
Generation of turbulent kinetic energy
Ionic strength
Sound intensity
Diffusive mass flux of species i
Turbulence kinetic energy
Volumetric-averaged turbulent kinetic energy
Equilibrium constant
Thickness of the quartz cell
Amplitude of the ultrasound pressure
Ultrasound pressure
Ultrasound power
Maximum ultrasound power
Flowrate of mixed solution A
Flowrate of acid solution B
Flowrate ratio of inlet streams
Net rate of production of species i
Reynolds number
Turbulent Reynolds number
Time
Micromixing time

Characteristic reaction time

XXXi



T [K]

u [m/s]
Vi, [m?’]
X [-]

Y; [-]

z; [-]

Greek letters

o [-]

p [-]

£ [m?/s?]
(e) [m?/s]
€353 [m']
) [m]
(e) [m?/s]

n [m]

6 [-]

0 [s']
() [s']
H [pa-s]
He [pa-s]

v [pa-s]

p [kg/m?’]
Ok [-]
o [-]

® [s']

xxxii

Temperature

Instantaneous velocity vector
Initial volume

Segregation index

Mass fraction of species i

Charge of the ion

Fluctuation degree

Temperature exponent
Energy dissipation rate
Averaged energy dissipation rate
Molar extinction coefficient
Kolmogorov scale
Volumetric-averaged turbulent energy dissipation
Kolmogorov length
Mixing degree 0
Vorticity
Volume average vorticity
Molecular viscosity
Turbulent viscosity
Molecular viscosity of liquid phase
Density of fluid
Constant
Constant

Angular velocity



CHPATER 4

ap [m’]

C [m/s]
ok [mol]
Cy [-]
Cysi [mol/m?]
Clsi [mol/m?]
dy [m]

do [m]
D [m?%/s]

f [Hz]

k [s']
ks [m?/s]
(k) [m?/s?]

L [m]

I [-]
Lys [W/m?]

p [kg/m?]

12 [pa]
Pa [pa]

p [W]
Py [%]
Ps [W]

Q [m?/s]

r [mol/s]
Ry [m]

Sios [-]

Interfacial area of particles
The sound speed in the water
Molar concentration
Volume fraction of dispersed phase
Concentration of Si(OH),
Saturated concentration of Si(OH),
Particle diameters
Diameter of the reactor chamber
Diffusion coefficient
Frequency of the ultrasound wave
Rate constant
Solid-liquid mass transfer coefficient
Averaged turbulent kinetic energy
Diameter of the inlet tube of SVFR
Turbulence intensity
Ultrasound intensity
Density
Sound pressure
Amplitude of the sound pressure
Ultrasound power
Ultrasound amplitude
Specified ultrasound power
Volumetric flow rates
Reaction rate
Radius of vortex

Mass transfer source term of SiO»

xxxiii



[s]

u, [m/s]
w, [m/s]
Ug [m/s]
v [m/s]
4 [m?]
Greek letters
a [-]
£ [m?/s?]
(e) [m?/s’]
() [m]
) [pa-s]
Herr [pa-s]
v [m?/s]
Veddy [m?/s]
w [s']
@ [-]
Tc [s]
T [-]
Ty [s]
[ si [pa-s]
CHPATER S
C, [J/kg K]
Cp [-]
Dy [m?/s]

XXXiv

Time
Velocity of liquid phase

Velocity of particles

Tangential velocity of Rankine vortex.

Velocity

Volume of reactor chamber

Volume fraction of liquid phase
Energy dissipation rate
Averaged energy dissipation rate
Kolmogorov scale

Dynamic viscosity

Effective dynamic viscosity
Molecular viscosity

Eddy viscosity

Angular velocity of vortex
Characteristic length ratio
Chemical time scales

Stress strain of liquid phase
Turbulent time scale

Dynamic viscosity of Si(OH),

Thermal capacity
Drag coefficient

Thermal diffusivity



(G)
(G);

Pr

Re

Ra

Greek letters

Particle diameter

Body force

Drag force per unit particle mass

External force
Thermophoretic force
Buoyancy force

Drag force

Grashof number
Gravity acceleration

Volume average Shear rate

Area-weighted average shear rate

Shear rate

Thermal conductivity

Characteristic length of reactor

Mass of particles
Prandt] number

Sound pressure
Reynolds number
Rayleigh number
Time

Temperature
Reference temperature
Temperature difference
Velocity of liquid
Velocity of particles

Volume of reactor chamber

XXXV
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[m?/s]
[1/K]
[m?/s’]
[kg/m?]
[pa-s]

[m?/s]

Thermal diffusivity

Coefficient of thermal expansion
Energy dissipation rate

Density

Viscosity

Molecular viscosity



