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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 IJR 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 FePO4 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 FePO4 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 

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 
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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 SiO2  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 SiO2 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 SiO2 nanoparticles synthesised in SVFR can be further 

modified by hydrothermal post-treatment that is discussed in Chapter 5. Unlike IJR 

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 
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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, SiO2 

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 

SiO2 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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𝜓 [-] Stoichiometric factor 

𝜙 [-] Sphericity of particles 
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𝜌 [Kg/m3] Density 

𝜌4 [Kg/m3] Liquid density 

𝜌K [Kg/m3] Particle density 

ρ) [Kg/m3] Packed bed bulk density 

𝜌L [Kg/m3] Gas density 

𝜌' [Kg/m3] Particle density 

𝜏C [s] Macro-mixing time 

𝜏> [s] Meso-mixing time 

𝜏M [s] Engulfment time constant 

𝜏-  [s] Characteristic time for molecular diffusion 

𝜏N [s] Reaction time 

𝜏; [s] Characteristic diffusion time 

𝜏6 [pa] Viscous stress tensor 

𝜏8 [s] Typical turbulent time scales 

𝜏C [s] Chemical time scales 

𝜇6 [pa∙s] Dynamic viscosity  

𝜇L [pa∙s] Dynamic viscosity of gas 

𝜈 [m2/s] Kinematic viscosity of fluid 

𝜈4 [m2/s] Kinematic viscosity of fluid 

δ [m] Thickness of the gas film and liquid film 

𝜎0BF%  [-] Maximum variance of the mixture 

 
 
CHPATER 2 

A [𝑚%] Cross section area of the reactor chamber 

C [m/s] The sound speed in the water 

𝑐I [-] Empirical constant 

𝑐% [-] Empirical constant 
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𝑐6 [mol/L] The concentration of species i 

𝑐D [C] The concentration of lithium ion inside electrolyte 

𝐶O [-] A function of the local turbulent Reynolds number 

GP [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 [𝑚,/s] Volumetric flow rate 

V [𝑚,] Volume 

f [Hz] Frequency of the ultrasound wave 

h [m] Distance from the bottom the IJR 

k [m2/s2] Turbulent kinetic energy 

i [-] Continuous or dispersed phase 

I [W/𝑚%] Sound intensity 

𝜌 [kg/𝑚,] Average density of liquid bulk 

𝑝Q> [W] Ultrasonic power 

p [pa] Pressure 

pR [pa] Pressure induced by sound field 

pS [pa] Amplitude of the sound pressure 

R [-] Space correlation factor 

Re9 [-] Local turbulent Reynolds number 

t [s] Time 

u [m/s] Liquid velocity 

v [m/s] Inlet velocity 

 

Greek letters 

𝛽 [rad] Peak width of the diffraction peak profile at half 

maximum height 
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ε [m2/s3] Turbulence dissipation rate 

σP [-] Empirical constant 

σT [-] Empirical constant 

θ [degree] Degree in XRD diffraction 

µU [kg/m∙s] Turbulence viscosity 

𝜐 [N∙ s/𝑚%] Dynamic viscosity 

𝜆 [nm] The wavelength of X-ray 

𝛾 [-] Mixing parameter 

Γ [m2/s] Turbulent diffusion coefficient 

Ω [𝑠@I] 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, 

 

∇= 𝐢
∂
∂x + 𝐣

∂
∂y + 𝐤

∂
∂z 

Δ = ∇%=
∂%

∂x% +
∂%

∂y% +
∂%

∂z% 

 

CHPATER 3 

𝐴,+, [mol] Absorbance at 353 nm 

A [m2] Area of the ultrasonic transducer 

c [m/s] Sound speed in water 

𝑐6 [mol/m3] Ion concentration 

𝐶′(𝑡) [mol/m3] Standard deviation of concentration 

𝐶′0BF [mol/m3] Maximum deviation  



xxxi 
 

𝐶V [mol/m3] Initial acid concentration 

	𝐶W [-] Constant coefficient 

𝐶I! [-] Constant coefficient 

𝐺%! [-] Constant coefficient 

𝑑6 [m] Inlet diameter 

Da [-] Damköhler number 

𝒈 [kg/s2] Gravitational acceleration 

Gk [kg/(s3·m)] Generation of turbulent kinetic energy 

I [M] Ionic strength 

Ius [W/m2] Sound intensity 

𝐽6 [kg/(m3·s)] Diffusive mass flux of species i 

k [m2/s2] Turbulence kinetic energy 

<k> [m2/s2] Volumetric-averaged turbulent kinetic energy 

𝐾DA [-] Equilibrium constant 

L [m] Thickness of the quartz cell 

Pa [pa] Amplitude of the ultrasound pressure 

𝑃Q493B [pa] Ultrasound pressure 

Pus [W] Ultrasound power 

Ps [W] Maximum ultrasound power 

Q1 [m/s] Flowrate of mixed solution A 

Q2 [m/s] Flowrate of acid solution B 

R [-] Flowrate ratio of inlet streams 

𝑅6 [kg/(m3·s)] Net rate of production of species i 

𝑅𝑒 [-] Reynolds number 

𝑅𝑒X [-] Turbulent Reynolds number 

t [s] Time 

tm [s] Micromixing time 

𝑡3 [s] Characteristic reaction time 
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T [K] Temperature 

u [m/s] Instantaneous velocity vector 

𝑉V! [m3] Initial volume 

Xs [-] Segregation index 

𝑌6 [-] Mass fraction of species i 

𝑧6 [-] Charge of the ion 

 

Greek letters 

α [-] Fluctuation degree 

β [-] Temperature exponent 

𝜀 [m2/s3] Energy dissipation rate 

〈𝜀〉 [m2/s3] Averaged energy dissipation rate 

𝜖,+, [m-1] Molar extinction coefficient 

〈𝜂〉 [m] Kolmogorov scale 

〈𝜀〉 [m2/s3] Volumetric-averaged turbulent energy dissipation 

𝜂 [m] Kolmogorov length 

𝜃 [-] Mixing degree θ 

𝛺 [s-1] Vorticity 

〈𝛺〉 [s-1] Volume average vorticity 

𝜇4 [pa∙s] Molecular viscosity 

𝜇9 [pa∙s] Turbulent viscosity 

ν [pa∙s] Molecular viscosity of liquid phase 

𝜌 [kg/m3] Density of fluid 

𝜎J [-] Constant 

𝜎! [-] Constant 

ω [s-1] Angular velocity 
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CHPATER 4 

𝑎' [m2] Interfacial area of particles 

C [m/s] The sound speed in the water 

C’ [mol] Molar concentration 

𝐶< [-] Volume fraction of dispersed phase 

𝐶4,.6 [mol/m3] Concentration of Si(OH)Y 

𝐶4,.6∗  [mol/m3] Saturated concentration of Si(OH)Y 

𝑑' [m] Particle diameters 

𝑑= [m] Diameter of the reactor chamber  

D [m2/s] Diffusion coefficient 

f [Hz] Frequency of the ultrasound wave 

𝑘 [s-1] Rate constant 

𝑘>4 [m2/s] Solid-liquid mass transfer coefficient 

〈𝑘〉 [m2/s2] Averaged turbulent kinetic energy 

L [m] Diameter of the inlet tube of SVFR 

𝐼	 [-] Turbulence intensity 

𝐼Q>	 [W/m2] Ultrasound intensity 

𝜌 [kg/𝑚,] Density 

𝑝	 [pa] Sound pressure 

𝑝B	 [pa] Amplitude of the sound pressure 

P [W] Ultrasound power 

𝑃( [%] Ultrasound amplitude  

𝑃> [W] Specified ultrasound power  

Q [m3/s] Volumetric flow rates 

r’ [mol/s] Reaction rate 

𝑅< [m] Radius of vortex 

𝑆4→> [-] Mass transfer source term of SiO2 
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t	 [s] Time 

𝑢4 [m/s] Velocity of liquid phase 

𝑢' [m/s] Velocity of particles 

𝑢[ [m/s] Tangential velocity of Rankine vortex. 

𝑣 [m/s] Velocity 

𝑉 [m3] Volume of reactor chamber 

 

Greek letters 

𝛼4 [-] Volume fraction of liquid phase 

𝜀 [m2/s3] Energy dissipation rate 

〈𝜀〉 [m2/s3] Averaged energy dissipation rate 

〈𝜂〉 [m] Kolmogorov scale 

𝜇8 [pa∙s] Dynamic viscosity 

𝜇DHH [pa∙s] Effective dynamic viscosity 

𝜈 [m2/s] Molecular viscosity 

𝜈DEE\ [m2/s] Eddy viscosity 

𝜔 [s-1] Angular velocity of vortex 

𝜑 [-] Characteristic length ratio 

𝜏𝒄 [s] Chemical time scales 

𝝉𝒍 [-] Stress strain of liquid phase  

𝜏9 [s] Turbulent time scale 

Γ4,.6 [pa∙s] Dynamic viscosity of Si(OH)Y  

 

CHPATER 5 

𝐶' [J/kg·K] Thermal capacity 

𝐶; [-] Drag coefficient 

𝐷X [m2/s] Thermal diffusivity 
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𝑑' [m] Particle diameter  

𝑭𝒃 [N] Body force 

𝐹; [N] Drag force per unit particle mass 

𝑭′ [N] External force 

𝑭𝒕 [N] Thermophoretic force 

𝑭𝒃 [N] Buoyancy force 

𝑭𝒔 [N] Drag force 

𝐺𝑟 [-] Grashof number 

𝑔 [m/s2] Gravity acceleration  

〈𝐺〉 [pa] Volume average Shear rate 

	〈𝐺〉a [pa] Area-weighted average shear rate 

𝐺 [1/s] Shear rate 

𝑘 [W/m·K] Thermal conductivity 

𝐿 [m] Characteristic length of reactor 

𝑚' [g] Mass of particles  

𝑃𝑟 [-] Prandtl number 

𝑝 [pa] Sound pressure 

𝑅𝑒 [-] Reynolds number 

𝑅𝑎 [-] Rayleigh number 

𝑡 [s] Time 

𝑇 [K] Temperature 

𝑇) [K] Reference temperature 

∆𝑇 [K] Temperature difference 

𝒖 [m/s] Velocity of liquid 

𝒖𝒑 [m/s] Velocity of particles 

𝑉 [m3] Volume of reactor chamber 

 

Greek letters 
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𝛼 [m2/s] Thermal diffusivity 

𝛽 [1/K] Coefficient of thermal expansion 

𝜀 [m2/s3] Energy dissipation rate  

𝜌6,) [kg/𝑚,] Density  

𝜇 [pa∙s] Viscosity 

𝜈 [m2/s] Molecular viscosity 

 

 


