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Abstract

Boiling within a falling droplet is a special and important
phenomenon, which is poorly understood among the drying industry
and is not well developed within the literature . Droplet drying at the
boiling regime is explored and investigated in this research, of which

the outcomes areofvalue tothespraydrying community . The thesis
presents a high -resolution model with innovative features , which
predicts the behaviour of a free -falling droplet drying at high
temperatures . The mathematical framework of the model includes
coupling the conduction, convection and diffusion within the droplet

to the phase change happen ing at the interfa ce, whil st solving for
the free -surface model simultaneously. The Finite Element Method
(FEM) is used to solve this Multiphysics system, and the droplet
moving interface is tracked by the Arbitrary Lagrangian -Eulerian
(ALE) algorithm.  The computed drying i nformation, such as the
droplet averaged temperature or weight profiles, agree s closely with
the experimental data for a sucrose droplet . The detailed insights
into the distribution of the temperature and moisture content within

the droplet are achievable thankstothe2D  axis-symmetrical model.
The description of the droplet internal flow field suggests the
asymmetrical formation of vortices , Which is impossible to predict
using current ly available models.  The correlation of the species
diffusion coefficientis  a critical variable, as it determines the size of
the vortices andthe  solid shell thickness. Atthe boiling point,b  ubble
expan sion drives the droplet shape and significantly decreases the
droplet heat and mass transfer coefficien ts. As the bubble is offset
from the droplet centr e, it recentral ises itself while growing due to
the non -uniform pressure field within the droplet. The bubble
behaviour is highly sensitive to the condition s set at boiling, and is
mainly driven by the heat transfer, whichis  a function of the  solute

concentration.
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Chapter 1

Thesis introduction and motivation



1.1. Background of RSpray Dryingts

1.1.1. History

Drying is a critical unit operation in the manufacturing process of

solid materials in which the moisture is removed from a liquid
medium by means of heat. The drying ofawide  variety of feedstock
is required in the industry due to the inconvenience of pa ckaging
products with a high moisture content which can be easily
segregated during transportation . Within the drying industry, s pray
drying is a well -known single -step process for the production of
particulate products from solutions, suspensions or emuls ions taking
advantage of hot drying gas. The spray drying mechanism employs

the removal of moisture from billions of droplets  which are produced
from the liquid feedstock by the atom iser before coming into contact
with the hot gas stream . The low productt emperature and a short
droplet -gas contact time allow excellent handling of heat -sensitive
products. Moreover, spray drying is a fully automated, fast and
continuous process, thus it is convenient to redesign to any
desirable scale. It has found broad appl ications in the chemical,
food, ceramics or pharmaceutical industries. The first spray dryer is
believed to have been constructed around the 1860s in the United
States (Chequer et al., 2013) (Mujumdar, 1995). Spray drying
gradually bec ame a favourable method in the food industry, and

milk powder is still produced using this method nowadays. Due to
the high demand for light and compact food products during wars in

the early 20 ™ century , spr ay drying became popular and proved to

be a versatile process for the production of clean and fine powder
(Mujumdar and Hall, 20 06). The spray dryer offers extensive
advantages such as a flexible design depending on various process

requirements, the ability to handle any required capacity and

effectiv e control oft he end productws morphol og



1.1.2. Motivation for modelling of single d roplet drying

at boiling point

The demand for flexible product fabrication is increasing in the

drying industry. A scientific understanding of the spray drying

process is critical in manufacturing a product that meets the industry
requirements. Therefore, detailed insights and research into the
drying mechanism within the spray dryer are required in order to
have better control over the process. The research can be done via

both modelling and experimental methods. The modelling approach

isless desirable foralarge -scalespraydryeras itinvolves numerous
factors, which cannot be simplified in the model and could affect the
drying outcomes . Hence, the experimental approach is more
suitable to study the large -scale spray dryer. On the industrial -scale
spray dryer, the challenge s are the high operation cost and
replication of experimental runs. The small -scale spray dryers, such
as the pilot or laboratory scale, are less time -consuming, more
energy -efficient, and flexible to repeat series of tests (Woo,
Mujumdar and Daud, 2010) (Kieviet et al. , 1997) . However, the
physic al similarity to other scales , the powder properties, and the
drying model accuracy is compromised (Zbicinski, 2017) (Raffin et
al., 2006) (Poozesh and Bilgili, 2019) , hence causing discre pancies
in product quality across different scales. For example, a better

powder flowability was reported for a large scale spray dryer
compared to the lab -scale (Al-Khattawi et al. , 2018) (Langrish,
2009) . In terms of the mod  elling approach, the non  -monodisperse
nozzle used in the spray dryer produces a wide distribution of

droplet size s, ranging from a few hundreds of microns to a few
millimetr es. Meanwhile, the drying model is usually developed based

on a narrow droplet size range, hence it will not be accurate |,
practical , or representative for the real drying within all types of
spray dryer s (Thybo etal. ,2008) (Langrish and Fletcher, 2003)



Single droplet drying (SDD) is a method in which an isolated droplet
is brought into contact with a hot air stream . The droplet can be

isolated by a number of methods: intrusively by suspending it from

athinfilamentornon  -intrusively by levitation using an external field
(Maevski, Levy and Borde, 2010) . Although the droplet does not
experience droplet -droplet interactions, droplet - particle collision or

droplet -wall collision as in the spray d ryer, the SDD can monitor the
droplet drying kinetics and its morphological evolution under a
controlled drying environment. As a result, it can provide valuable
information into the convective drying of droplets within the spray

dryer (Boel etal. ,2020) . However, the size of the droplet is limited

to what can be re-create d under laboratory conditions. In practice,
droplets that hang on a filament are limited to a m inimum diameter
of 1 mm, a few orders of magnitude greater than the actual size of

droplets exiting an atomi  ser within a spray dryer.

It is motivating to have a robust numerical model that can provide

deeper knowledge o f the drying mechanism of the droplet, such as

the local moisture distribution or temperature profile that is
inaccessible by the current SDD technique. In fact, the modelling
approach is capable of investigating the drying of micron -sized
droplets, whichi s not possible using the SDD approach . Researchers
in the past decades ha ve devoted extensive effort s to develop
numerous models for a variety of drying conditions. Many
approaches were conducted from the empirical or semi -empirical
models. Previously deve loped models were able to capture the
global drying information in a radially symmetric coordinate, such

as the average droplet temperature or the total mass profile

without providing much detail on the final morphology of the dried -
particle (Woo et al., 2008) . In recent years, researchers have
considered modelling the formation of the solid layer at the droplet

surface in attempting to predict the final morphology outcomes.

Most of the work  has, however , focus ed on the temperature range



below the boiling point of the droplet solution, whilst experimental
data has shown completely different dynamics leading to different
morpholog ical route for a droplet drying above the boiling point

(Grosshans et al. , 2016) . Many experiment s were carried out to

study the effect of the vapor bubble on the drying droplet (Frost,
198 8) (Kuznetsov, Piskunov and Strizhak, 2016) . Although progress
has been made in terms of understanding the bubble ev olution
within a solvent  (Gopireddy and Gutheil, 2013) , there is still a lack
of a model that completely couples and resol ves the fluid flow, heat
transfer , and phase change dynamics at the bubble surface (Xi et

al., 2017) . The reported behaviours in the literature include droplet
inflation, surface crack ing, or reduction in crust thickness (Boel et
al., 2020) . The physics of the bubble is complicate d especially when
coupl ed with drying phenomena at the droplet surface. Therefore,

this thesis focuses on developing a numerical model for droplet

drying beyond the boiling point . The research aims to improve the
accuracy and validity of the current ly avai lable drying models, gain
further insight into the droplet interior that is limited, and extend

the numerical framework to capture the boiling effect on the final

dried - particle morphology.

1.2. Theory of RDryingtr

1.2.1. Droplet drying

The drying of a droplet is fundamentally based on the heat and mass
exchange at the interface. The droplet is heated up due to the heat
flux gained from the hot air stream , and once it exceeds the energy
barrier, evaporation happens in which the vapor mass flux from the

dr opl e tfacesis relaased into the air. The balance between the

two fluxes governs the whole drying process which can be visual ised

in Figure 1-1,
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Figure 1-1. The evaporative flux plot (yellow line in the top plot) and

Tinitial

i Wequilibrium

the moisture (blue line in the bottom plot) and temperature (red
line in the bottom plot) profile of the droplet at different drying
stages. The droplet morphological evolution Isrepresented at the

bottom of the figure

Initially, the droplet gains heat from the hot air flow , and the
temperature increas es, whi ch IS repr es einductot ¥ by t
period ( Figure 1-1). A portion of the heat received is used to change

the liquid into the gas phase, according to the enthalpy of



vapori sation. The evaporation rate gradua lly increases and levels

out at the saturated state, in which the droplet moisture content is

above t he Rcritical moi stur e content ¥

generated is maximum. The Rcritical
the transition from the constan t rate to the falling rate period. The
droplet is in the Ronstantrate ¥ p e rwheredthe heat transfer to

the droplet and the heat loss by evaporation is equal, causing
droplet temperature to remain approximately constant . Meanwhile,
the solute accumulates towards the surface , due to the diffusion and
convection effect s, that crea tes resistance to the heat and mass
transfer. The shell formed reduces the vapour pressure at the
surface. The mechanical characteristics and the porosity of the shell

depend ing on the type of solutes and the drying conditions. As
drying progresses , the amount of water supplied to the surface is

insufficient to maintain the saturation condition due to internal

resistance, and t he |(dfaliogprate tr e@rtrdhed .

vapour flux lessens over time as the solute concentration increases
at the surface. The droplet temperature increases with a steeper
gradient closing the gap with the air temperature. Subsequently,
the vapour flux smoothly drops to zero as the droplet enters the
Requilibri ums stage. The dropl et
temperature with zero evaporating flux. The described stages are

typical for drying below the boiling point (Amador and Juan, 2016)
1.2.2. Droplet boiling

As the droplet temperature exceeds the boiling point, the internal

pressure within the droplet is higher than that of the surrounding air

(Chiné and Monno, 2011) (Vachaparambil and Einarsrud, 2020) . At
this point, the dissolved air pocket in the solution, which is caused

by the spraying process from the atom iser, increases in size and
forms avapor -air bubble at the droplet core or moisture -rich region.
The bubble growth is driven by either the fluid dynamics or the

thermodynamic process (Taqgieddin, Allshous e and Alshawabkeh,

mo i

t he

S



2018) . The vapor bubble is expected to affect the internal moisture
content and temperature profiles (Legros, 2015) . The heat flux from

the air is now used for the generation of vapor both into the air and

the bubble interior (Pandey and Basu, 2019) (NeSi A and

1991) . The temper ature profile isillustrated in  Figure 1-2.

T

Q o © 0

Figure 1-2. Temperature profile of a boiling droplet (Handscomb, Kraft
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Tair
Thoiting
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and Bayly, 2009) . The droplet morphology for each drying stage is
provided.

1.3. Particle morpholog ical evolution

Different particle morphologies were observed in drying a droplet
that contains solid  (Charlesworth and Marshall, 1960) . The particle
morpholog y outcome is influenced by various factors such as the

drying condition s and the droplet initial moisture content. In a

Vodn



mul ticomponent solution, the shell is fo
during drying due to an increase in solute concentration at the

int erface. The shell structure and its mechanical properties depend

on the type of solution being dried, the air temperature and the

drying rate (Bayly, 2015) . The nature of the shell or the skin formed
determines the droplet inflation and deflation cycles dur ing drying
(Tran etal. , 2017) (Adhikari et al. , 2009) . The physics of the skin
rupture is critically dependant on its mechanical strength. There are
generally two morphologi  cal outcomes in the skin forming syste m:
dense or hollow particles. Dense particle s result from a core
shrinkage which can probably shatter if dried at high temperature

(Alharbi, 2019) . Hollow particle s, on the other hand, do not shrink
much during drying and tend to inflate due to bubble nucleation
(Mezhericher, Levy and Borde, 2008) if the temperature e  xceeds

the boiling point  (Jeffreys and Mumford, 1986)

1.4. Research gap and aims

Current models and studies focus on the drying range below boiling,

in which the main interests are to capture the relevant kinetic

information  (Schutyser, Perdana and Boom, 2012) (Fyhr and Kemp,

2007) . Challenges remain for complex dynamic systems such as
boiling phenomena within the droplet.
coll apsef cycles disturb byngrate astwell gl obal
as the outcomes of the particle morphologies. Numerical probingo f

the drying at a high -temperature range is particularly scarce, and a

well -developed knowledge of the bubble dynamics is not available

in the literature  (Epstein and Plesset, 1951) (Robinson and Judd,

2004) . The limitation is also rooted in the availability of

computational tools to accurately resolve a highly non -linear set of

partial differential equations, and a mathematical method to track

the very fast -moving bubble interface. Hence, this thesis focuses on

developinga mathematical modelthat provides a detailed prediction
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of different particle morphology routes beyond the boiling point. The
2D asymmetrical mo  del will be implemented to capture real physics

within the droplet during drying.

In summary, the solute concentration accumulates at the droplet
surface, as drying progresses, to form a viscous layer that can be

treated as a solid shell. The deformation of this layer, which is
mainly driven by the bubble growth behaviour within a droplet, is

critical to the dried -particle shape. According to the literature, as
the vapour build s up within the droplet, the expansion of the
dissolved air bubble can  cause a crack in the shell ~ (Grosshans etal. ,
2016) . This leads to convective vapor releases into the environment

and the hole is healed and sealed when the pressure within the
bubble equals the external air pressure. The cycles repeat until the

crust is thick and st rong enough to withstand the bubble growth
(Pandey and Basu, 2019) (Roesle and Kulacki, 2010) . The material
properties of the shell determine the physical process followed
during the bubble growth, f or example, a sugary droplet will form a
vis cous layer (Gopireddy and Gutheil, 2013) instead of a solid shell
as is found during the drying of a colloid droplet. This will lead to
droplet inflation or surface wrinkle instead of cracking which results

in different part icle morphologies (Adhikari etal. , 2009) . There are
two challenging aspects of integrating th e bubble domain into the
droplet : the conditions and the boundary conditions (how the bubble

grows) at boiling . Thermodynamically, the condition for the bubble
nucleation varies in different  solution s, as different molecules
accommodate different  nucleation sites depending on their size and
molecular shapes (Lubetkin, 2003) . The aim is to couple all of the
discussed physics into one model to predict and understand the
morphological evolution of the drople t. An overview on the research

guestion and approach is illustrated in Figure 1-3,
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15. Thesisfrs structure

Following the introduction to th e research interest in Chapter 1 ,the

overall picture of the thesis is outlined in the following:

Chapter 2 presents a detailed literature review on a single droplet
drying . This section addresses different approaches for droplet
drying modelling , model validation, the limitation of the curren t
correlations used for estimating the heat and mass transfer
coefficients, the influence ofthe d rying condition on the final dried -
particle morphologies , and finally the types of solution available for

spray drying.

Chapter 3 focuses on the principal th  eory behind the  numerical
method (FEM) in the thesis . The simulation is built for the case of a
falling sphere, whichis ~ analogous to the droplet drying system . The
verification and validation  of this system are performed and
compared against the benchmarks . The governing equations,
boundary conditions implemented in the simulation , are justified to

start building up  the droplet drying model.

Chapter 4 analyses the moving interface due to phase change
phenomena (Stefan prob lem), and the bubble behaviour within a
confined layer of  liquid. An analytical solution of the transcendental
equation from the Stefan problem is solved using the Newton -
Raphson method, and compared against the simulation result. The
governing equation fo r the bubble growth due to pressure is also

derived from first principle S. The computed results are validated

again st the analytical solution of the bubble growth, and the method
of integrati ng the bubble into the drying droplet model is discussed.
Chapter 5 reports the drying model developed in 1 -dimensional, 2 -

dimensional, and 2 -dimensional axis-symmetrical coordinates. The
drying model is developed upon ad apting the simulation scheme

setup in Chapter 3. The computational results are compared against
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the experimental data from the literature (Patel et al., 20 08).
Detailed insights into the internal drying of the droplet are
achievable thanks to the high -resolution drying model . The
asymmetrical distribution of temperature, moisture content and the
formation of the vort ices are presented. In addition to the above
the sensitivity analysis o f different diffusion coefficients and droplet

sizes is carried out.

Chapter 6 demonstrates the main challenge of the thesis: the
integration of the growing bubble into the drying droplet. Different
position s ofthe bubble atthe boiling point are considered in different
simulation scenarios. The accuracy and practicality of each case are
review ed. The influence of the bubble dynamics on the droplet
drying rate , heat and mass transfer coefficients , and the sensitivity

of the bubble kinetics to its initial condition at the boiling point are

examined .

Chapter 7 sums up and concludes t he t h e&kayifindings. The
provisional plan for advancing into a more compli  cated simulation
scheme is provided . An alternative approach of using the
convolutional neural network (CNN) instead of the finite element

method (FEM) in the computational fl uid dynamics (CFD) problem s
is recommended. The benefit of coupling the CNN to the FEM

method is discussed
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Chapter 2

Progress and innovations in the

lite rature and  the drying industry

This chapter provides an overview of the drying industry,
particularly in the single droplet drying area. Key aspects of a single

droplet drying model are reviewed in detail, in order to justify its
applicability to a more advanced drying model. Analogous systems

to droplet drying at high temperatures is also reported.
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2.1. Literature review

2.1.1. Introduction

Spray drying is a widely used industrial operation in numerous
manufacturing sector s such as biochemical, pharmaceutical, dairy
and food products. The product specifications, which depend mainly

on particle morphologies, vary across sectors hence demanding
different operating conditions and processing strategies. Methods
for quick and eff ective prediction of particle morphologies are
required to replace the time -consuming and high  -cost experimental
approaches. Currently, spray dryer models are based on simplified
assumptions of single droplet drying, where a system of billion drops

is redu ced down to one. This resulted in a convenient Single Droplet
Drying (SDD) method that can provide valuable information in terms

of mass, moisture and temperature profile s through the spray
drying process. There ha ve been many attempts to study different
types of drople t solution , such as colloidal, multicomponent or
polymeric, with different modelling approaches. This literature
review will summarise all the main modelling approaches,
emphas ise important results, define critical problems and

recommended im provements for future work.
2.1.2. Models on Single Droplet Drying (SDD)
2.1.2.1.  Characteristic drying curve (CDC)

The c haracteristic drying curve (CDC) is a semi -empirical and fast -
computational approach with a set of simplified equations. The

drying rate is divided into two stages: i) constant rate and ii) falling

rate. The first stage is treated as unhindered evaporation of a pure
liquid droplet. The vapour boundary layer is the main resistance to

mass transfer,

0 Q0 Oy (2-1)
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Where 'Q is the mass transfer coefficient, 0 ; and O , arethe vapour

concentrations at the surface and bulk gas respectively. The

unhindered mass transfer rate equation can be derived by the
integration from Fickfs Law and isof can a
humidity. The mass transport of  the falling rate period is related to

the constant rate period through moisture function,

0 Q% U (2-2)
Where 0 is the mass flux in the falling rate period, 0 is the mass
flux of constant rate period and "Q%o is the function of characteristic

moisture content defined by,

%0 5 o (2-3)
Where @ is the moisture content, Q is the equilibrium moisture and
W is the critical moisture at which the
saturated. The function, "Q%o, is unique for each material and
independent of gas temperature. Consequently, the drying of the
same material at different conditions should be only a mathematical
transformation of its unique drying curve. There are also
disadvantages associated with this approach. The critical moisture
content is always taken as a constant whereas it may var y according
to different operating conditions, initial droplet moisture and size.
The model is not capable of provid ing reliable result s when
performing at different conditions of the same experiment . The
characteristic drying curve (CDC) is however still preferable and
applicable , since it is fast and simple yet capturing essential

information of  the drying process.
2.1.2.2.  Reaction engineering approach (REA)

The r eaction engineering approach (REA) introduce S an energy
barrier that moisture needs to overcome for evaporation to happen.
This approach works well for small particles or a thin layer of liquid.

Similarly to the CDC model, the characteristic material property is
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the relationship between activation e nergy and moisture content.
The drying rate can then be expressed as,
Qa
Qo0
Where ”  and ” ; are vapour concentration at the surface and bulk

QO"f "k (2-4)

respectively. 0 is droplet surface area and "Q is the external mass

transfer coefficient. The surface vapour concentration is proportional

to the saturated vapour concentration, " n ,byafactor, T,
"k "R Y (2-5)
Where [ is the surface relative humidity and " is a function of
surface temperature,  “Y. The activation energy, O his,
0O A@b % (2-6)
24

Where 3% is apparent activation energy which accounted for the
difficulties of evaporation at low temperature s due to adhesion. The
activation energy can be obtained experimentally for each type of

material. REA approach util  ises an empirical correlation between
partial vapour concentration and surface temperature. There is no

need to define the critical moisture content, @ , since this approach
suggested a smooth change from constant rate to falling rate period.

An agglomeration and wall deposition of particle s is determined
empirically since the model does not calculate surface
concentration. REA is a highly useful method for predicting drying

behaviour at different operating conditions.

Modelling attempts:

Rogers etal. (2012) studied a single droplet drying using REA and

monodisperse technique. The work suggested there should be an

i ncreasing number of Rpuf fedrs parti cl
temperature. According to the result, nearly half of the particles are

puffed at 181 °C and the rest is buckled in shape, as shown in
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Figure 2-1. The size of the buckled particle depends on how fast the

skin formed and shell permeability.

Figure 2-1. Buc k|l e shape (1l eft) and O6Puff o
at T =181°C (Rogers et al. , 2012).

Haque et al. (2016) developed a model targeting the drying
behaviour of multi  -solutes droplet s. A droplet containing protein and

sugar is hung on a tip of a glass filament and dried at a low-
temperature range (65 °C and 80 °C). An extended version , which is

the composite -REA model, took into account the effect of multiple

solutes. As mentioned before, a huge advantage of REA is the

minimum number of experiment attempts needed to generate

model parameters, which is econom ical and time -saving. A set of

normal reaction engineering equations were constructed to describe

the moisture and temperature time -depend ent profiles. A composite
approach was then i mplemented. A g3ystemys
is expressed through the su ms of the product of ea
activation energy and mass fraction. The model provided accurate

results for moisture content and temperature change against

experimental data.  The similarities and differences between the two

approaches are represented in Table 2-1.
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CDC
(Fyhr and Kemp, 2007)

REA

i Utilise empirical correlations.

Perform well for small particles.

1
91 Droplet surface area is needed.
1

Similarities
Characteristic properties of each material
are required.
1 Can be used in CFD modelling.

1 Require information on 1 Model the difficulties in
web -bulb temperature evaporation  through
and critical moisture the energy barrier.
content Natural transition from

1 No smooth transition free water to bound
from constant rate to water stage.
falling rate period. External mass transfer

Differences coefficien t and surface

1 Drying behaviour of
material is defined by
the function of
characteristic moisture

content, "Q%o.

temperature are
needed.

Apparent activation
energy is the
characteristic

properties of
materials.

Table 2-1. Comparison between CDC and REA approaches

Kemp, 2007) .

2.1.2.3.

The diffusion drying model

Diffusion models

species aiming to describe the physic

with the diffusion being accounted for in the model, p
containing suspended or dissolved solid will form a skin after

constant rate period and

s of droplet drying.

(Fyhr and

util ises the diffusion phenomenon of

Together
articles

a

the drying rate will depend on the internal
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moisture diffusing to the surface. Specifically for a droplet
containing sugary substances, the solid crust can reach a glass -
transition point and exhibits viscoelastic behaviour. The crust will

then shrink and recede until a constant radius (Tsapis etal. , 2005) .

2.1.2.3.1. Dry shell -Solid porous crust

This type of diffusion model proposes that solute forms hard skin
during evaporation. The droplet radius remains constant after shell
formation until complete drying. The moisture diffuses through the
interface between the wet core and porous crust. All the solute will

be diffused towards the skin increasing its thickness.

Modelling attempt S:

Dalmaz (2007) developed a m odel that considered both heat and
mass transfer during the drying process together with skin
formation. The governing equations for mass and heat transfer were
formulated considering  the receding interface of  the droplet. Ranz &
Marshall (1952) heat and mass transfer correlation s were used for
calculating convective heat and mass transfer coefficient. Colloidal

silica droplets and skimmed mil k droplet s were test ed for model
validation. The mathematical model agreed with the measured

experimental data.

2.1.2.3.2. Wet shell - Expandable crust

The wet -shell is considered a pliable and pressure -responsive
structure . The solvent vapori sation within the wet core will happen

if the moisture temperature reaches the boiling point. This may lead

to expanding droplet s or Rpuf fi ng¥ (Handsdorabv iebal.r,
2009) . A single centrally located bubble is formed through two
factors: low internal pressure or high droplet temperature. The low

internal pressure is created by the capillary force withdrawing water

towards the porous crust, which encourages bubble formation. This

explains the hollow shape of the final particle. If the ambient
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temperature is high, the bubble can be nucleated homogen eously
and the droplet can be inflated and shriveled. The wet shell model
is more complicated than the dry shell model , and many o f the

observed morphologies can be related using the wet shell model.

Modelling attempt S:

Werner et al. (2008) disagreed with the assumption of constant

crust radius throughout the drying process, or the so-calledreceding

interface model. The author argued that the contraction only stop S

when there is a balance between the collapsing pressure caused by

moisture loss and the mechanical stress on the skin layer .
Experimental evidence showed that even when a solvent saturation

concentration is exceeded, the solution is still viscous and flow able.

Werner et al. (2008) specifically used the model to describe the

Rcol |l apsed shell ¥ -mordouRdenrsiembskisnhapes
effective diffusion model is used for early shrinkage until the crust

starting to form and grows toward the centre at the critical
temperature. Then the receding interface model is applied at the

second stage, where the droplet outer radius is fixed. The change of

coordinate s from solid -fixed to spatial is util  ised in order to give the
solution for Rcol l apsed sphoer lolurs  acnrdu miRd
morphologies. The collapsed shell and dense skin -porous crumb

shape were mathematically calculated by reversing the radii

direction so the origin is from the surface to the centre, th e

difference lies in the changing crust thickness. The hollow in the

mi ddl e of Rpenmnvassikcirmmbfs was al so assum
air to get rid of the collapsing effect when the water vapour

condenses. The results showed that the two extended model S

provided a better fit to experimental data than the previous

shrinkage -diffusion model.



23

Conclusion _s:

In diffusion models, the drying process is described by a set of
differential equations with suitable boundary conditions. As there is

a moving interface  in shrinking or inflating cases, those equations

are time -consuming and very hard to solve due to the moving
interface and  changing boundary conditions. The final droplet
morphologies also strongly depend on the physical properties of the
crust formed. However, the diffusion model can solve for theinternal
moisture gradient , leading to the ability to predict agglomeration

and wall depositions inside the drying chamber.
2.1.2.4. Heat and mass transfer correlation s study

There were a number of reported pap ers focusing on understanding
the heat and mass transfer between the dropletsurfaceand the bulk
gas phase . Early important work is from Ranz & Marshall (1952)
They developed the following correlations by evaporating pure liquid

droplets with  a restricted range of Reynolds number from 0 to 200,

06 ¢ TYQOT (2-7)

"Q ¢ ™YQYD (2-8)
Where 0 6is Nusselt number, Y Qs Reynolds number, 0 iis Prand tl
number, "YQis Sherwood number and "Ydis Schmidt number. The
experiment al technique used to derive this correlation was the glass

filament technique . The evaporation rate was determined by how
much water is needed to keep the droplet size constant and the
droplet diameter was measured from a projection microscope. This
method potentially shows errors in measurements due to a small
size droplet and the heat conduction through the filament.
Moreover, the feed of new liquid to maintain a droplet size can be a
disturbance to the concentration prof ile, and this is indeed not
feasible in the crust formation case. Due to a restriction to low

Reynolds number, Ranz & Marshall (1952) correl ation cannot be
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used in the high -temperature environment without corrections.
Beard & Pruppacher (1971) and Rasmussen etal. (1985) proposed

the following modified version,
00 p® @ TP YPQO T (2-9)

"YQ p® @ T pYPQYD (2-10)
Harpole (2015) predicted that the water vapour concentration at the
surface is higher at high temperature. This results in a Plowing f
effect and variable fluid properties. The Nusselt number accounted

for t h eblogng effect ¥ was corrected as,

V6 06 p ©O6 B (2-11)
Where 0 & is Nusselt number at high temperature ( YT ),
0 6 isthe no -blowing Nusselt number, a is the weighting factor and
B is the blowing parameter.
Xu etal. (2002) proposed a modified glass filament technique, which
is believed to be  more accurate , cost-effective and able to generate
high -quality monitoring results of droplet drying . The aim is to
efficiently measure the droplet weight, size and temperature in
order to obtain quantitatively the information on heat and mass
transfer. A brief schematic of the experiment al apparatus is shown

in Figure 2-2,



® Thermocouples (for
temperature control)

Air Supply

: b) Droplet drying system. 1 — main support; 2 — glass fil t box; 3 — heater for temperature !
1 control of the box; 4 - drying chamber; 5 - glass filament (200-350 mm long); 6 ~ video camera; :
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Figure 2-2. Apparatus set -up of modified glass filament method taken

from Xu et al. (2002). The droplet is hanging on the glass filament

within a glass filament box (number 3), with the air is heated by the

heaters (number 9).
Comparing to Ranz & Mar steal imprevementsp er i mer
have been i mplemented. A standard Ranz .
was performed again by Xu etal. (2002) with the vapour flux to be
10 times greater  than in the original experiment . The following heat

and mass tr ansfer correlation s were obtained using film theories,

060 ¢8tt T CYQOT (2-12)
"YQ p®Ho ™ TYQYD (2-13)
2.1.3. Experimental techniques for Single Droplet

Drying

2.1.3.1.  Current experimental techniques

Based on different requirements on the accuracy and output
information, vari ous experimental techniques are chosen for

different purposes. Currently, th ree widely used  experimental

methods that can maintain droplet spherical shape within an
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acceptable degree are the contact or non-contact levitation, free -
falling and hydrophobic surface contact (sessile) (Sadek et al.
2015) (Fu, Woo and Chen, 2012) (Baldelli etal. , 20 16) (Perdana et
al., 2013) .

2.1.3.2. Contact or non -contact levitation method

There are two basic methods in this category : thin glass filament
and acoustic -aerodynamic fields. In the glass filament technique
(contact levitation) shown in Figure 2-3 (a) ,adropletof 1 mmi n
diameter is dispensed at the tip of the filament and placed in a
heated air stream from the nozzle. The high -speed camera then
captures the change in particle diameter and two thermocouples can
measure the droplet temperature. Any deflection of glass fil ament
from its original position can be converted to the mass loss through

the calibration curve.  Figure 2-3 (b) is a non -contact acoustic field
levitation, a droplet experiences an upward soundwave generated

by ultrasound. The fundamental idea is to hover the droplet in the

mid - air by introducing an equal and stable opposing force to gravity.

The main disadvantage lies in the evaporation rate being affected

by the heat conduction through the filament or being disturbed by
the sound wave. A long capturing time and stabili sation of droplet s

are also challenging  factor s.

a ] b Reflector
Glass filament |

: :
! 1
! 1
! 1
1 . 1
' Drying Drying 1
I tunnel tunnel |
! 1
! 1
1 ,/‘_\ 1
' N Acoustic or !
: E\ aerodynamic,
| fields !

Figure 2-3. (a)Contact levita tion: Glass filament technique; (b) Non -

contact: Acoustic wave technique  (Sadek et al., 2015).
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2.1.3.3.  Electrodynamic balance (EDB)

[ ]« High voltage
input

=

Inner

clectrode
<
Trap chamber P e
) - uter
Camera 2 Camcra 1 ekclcclmdc
Gas flow
Induction electrode
Droplet-on-
demand generator
Figure 2-4. (left) Experimental configuration for electrodynamic

balance (EDB) ; (right) Expandable view of EDB equipment setup .

The schematic istaken from Davies et al. (2012).

Electrodynamic balance (EDB) is another SDD technique that can

trap a droplet inside a chamber without contact. Figure 2-4 (right)
consists of two concen tric cylindrical electrodes to which AC voltage
is applied to create a potential well. A voltage pulse induces pressure

to the voltage -activated dispenser to create a droplet with the
controlled volume on demand, as shown in Figure 2-4 (left) . The
droplet then travels horizontally from the outer wall to get charged

up before entering the chamber. The gravity force exerted on the
dropletis cancelled by a DC voltage across the vertical electrode. A
heated gas flow then enters the chamber through a gas inlet. A

droplet vibration can be controlled and stabil ised through an
oscillating electric field created by an AC current. The laser light is
used to measure the droplet size over time. Its scattering angle is

plotted against the light intensity and a droplet radius can be
calculated consequently. The advantage of this technique is the

ability to maintain a spherical shape of a droplet during the

experiment. A disadvantage , however, isthe operation restriction of
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the low -temperature range which cannot exceed the droplet boiling

point.
2.1.3.4.  Free falling droplet

The mono -dispersed generator ( Figure 2-5)creates a single or chain
of droplets free falling through a drying tunnel. A stream of separate

identical droplets is formed by a micro -syringe from the generator ,
and injected into a downward air flo w. This method accurately
represents the drying history of a dropletin the drying chamber. It
can create the same drying condition for each droplet leading to a
consistent final particle shape. However, it is challenging to monitor

drying kinetics and obs erve the droplet shape development inside

the tunnel.

Generator of
mono-dispersed
droplets

Drying
tunnel

Figure 2-5. Schematic of the m ono -dispersed generator
2.1.3.5.  Sessile droplet

This method is developed due to the demand for rapid and
inexpensive measurements while maintaining the key parameters of

the drying process. A droplet is deposited on a hydrophobic plate to

minim ise the contact angle thus reducing the effect of heat

conduction from the plate (refer to Figure 2-6).
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Drying chamber

Hydrophobic substrate

Figure 2-6. Droplet (circular domain) hold son a hydrophobic surface

(grey squares) (Sadek et al., 2015).

The droplet siz e and residence time can be varied flexibly so the
close resembl ance of an industrial droplet is achievable. The
technique requires a high  -quality optical device to capture the

droplet structure transformation. The main drawback is the

differen ce in veloci ty profiles , and the difference in the air
temperature near the plate contact point compared to that at the
top of the droplet. Since this is not a free space, a reverse -flow or

turbulence area might occur near a contact point.
2.1.4. Particle  morphologies and structural evolution

Numerous particle morphologies can be developed from different
drying conditions , solvents and solutes. This has drawn a
tremendous amount of attention lately since different particle
microstructures result in complete ly different product performances,
such as density, flowability, powder mixing, stickiness or
conductivity. Therefore, an effective strategy to tailor the final dried -
particle morphologies in spray drying is highly important and
requires huge modelling and experimental efforts (Nandiyanto and
Okuyama, 2011a) . There are currently a number of methods for
controlling particle shapes such as mechanical milling, freeze -

drying, precipitation or spray drying. Spray drying is considered to
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be the most favourable method for producing high purity powder,
uniform mor phologies and achievable nanostructured powde r.
Figure 2-7 lists all the possible particle morphologies formed from

the spray drying technology.

Hollow particle Doughnut particle

Encapsulated
particle

Well-mixed
! component

Figure 2-7. Different types of dried -particle morphologies (Nandiyanto
and Okuyama, 2011a) . The SEM images of each structure are

presented with a representative sketch.
2.1.4.1. Dense, hollow and doughnut particles

Particle microstructures are mainly determined by two diffusion
phenomena: the outwards evaporative solute flux and the inwards
diffusive solute flux towards the centre. They are combined under

. . 5 . I .
dimensionless Peclet number formulated as , 0Q — , where | is
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evaporation rate and " is the inwards diffusion rate . If the
evaporation rate dominates (Pe>1) during the drying, all the solutes

parti cles tend to move to the interface and form a solid crust given
enough heat and initial concentration. The droplet shell is then

buckled leading to a rigid hollow or doughnut form.

naq&sw 15 gk xs,@}'k’ 16 8auin

Figure 2-8. SEM images of hollow (left) and spherical dense (right)
particles. The length scales are HOand H O for the left and

right images, respectively.

The remaining moisture vapor ises through a porous medium (refer
to Figure 2-8).Inthe case of 0 Q p, an even distribution of solute
within the droplet resulting in dense particles with a smaller radius
(rightimage in  Figure 2-8). These structures can be manipulated by
varying operating parameters such as the ambient temperature,

moisture or solute solubility.

2.1.4.2. Composite particles - Multicomponent system

2.1.4.2.1. Mixed or encaps ulated particle

A well -mixed particle is formed when each component /species sizes
and their mass fractions are identical , leading to similar movements
within the droplet . Components within this type of droplet have the
same chance of buoying towards the surface. A capillary force is
then induced by the moisture evaporation through the porous shell ,
that compresse s the solute into close -packed arrays. For

encapsulated particles , when the size of one component dominates
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the mixture, it experiences a larger buoying force due to greater
density, but less Brownian motions due to its large size . Hence, a
larger component moves slowly inside while small particles arrange
themselves easily outside resulting in an encapsulated st ructure
(Figure 2-9). Apart from component sizes, the surface charge is also

an important factor to consider (Nandiyanto and Okuyama, 2011a)

Figure 2-9. SEM images of multico mponent dried -particles (Akhavan
Mahdavi et al., 2016) (Nandiyanto and Okuy ama, 2011b) . The
length scale is H 0. Images of encapsulated particles (top and

bottom left) and well -mixed particles (right) are illustrated.

2.1.4.2.2. Hairy particles

This is a different version of a well -mixed shape with a carbon
nanotube (CNT) catalyst added initially. The mechanism proposed

by Van Hooijdonk etal. (2013) explained that this is mainly based
on the catalytic decomposition of the organic component and the
growth on the surface of the CNT tube , as shown in Figure 2-10.
The higher concentration of catalyst added, the more hairy -like

structure obtained .
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Figure 2-10. SEM image of hairy dried -particles (Van Hooijdonk
et al. , 2013).

2.1.4.2.3. Porous particle

Figure 2-11. SEM image of porous dried -particle (Singh etal., 2012).

Initiall y, inorganic and organic materials are mixed in a ratio and
conditions such that the drying route follows and forms an
encapsulated particle as described previously (Chou etal. ,2014) .A
mixture normally consists  of large organic particles and smaller
inorganic component s. An organic compound is removed later
through evaporation creating pores. The pore size can be controlled

through the size of organic particles. A major advantage of porous

particle s, as shown in  Figure 2-11, is that they can be re -formed

into other shapes like packed -bed and fibre (Singh etal. ,2012) .
2.1.5. Systems for droplet drying modelling

The choice of modelling approache s based on the d r o p | solutiors
types and drying conditions . A simple approach sometimes cannot

provide enough insights, and a complex model would be redundant
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for the non-complicated drying system. Different types of solutes

within a droplet can lead to different skin formation and physical

properties. Adroplet containing solids can form dense solid or hollow

particles whereas a sugary droplet can form a glassy crust which

can eventually l ead to Rinflatedr or
describes mathematical models used in each of the four droplet

systems: co lloidal, crystalli sation , multi -component and polymeric

system.
2.1.5.1. Colloidal system

A colloidal system is a droplet consisted of suspended solid that
disperse within a solvent. The solid can have different diffusion
behaviours within a droplet according to di fferent operating
conditions. The diffusion -limit model, which only considers the
diffusive transfer of heat and mass between the droplet and ambient

air while neglecting the internal convection, is typically applied in

the colloidal system. Moreover the d ry shell route (refer to section

2.1.2.3.1 ) is normally considered due to the formation of rigid

porous skin during drying. A large number of published works have
utilised this system to validate the measured data against the
model.
First Second
w period period

T,(°C)
W (d.b.)

core
@/ shrinkage

----a_-.-_

Time (sec)

Figure 2-12. Drying mechanism of milk particle based on changing

moisture and temperature  (Kim, Chen and Pearce, 2009)
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The effects of varying drying operating condi tions on a mil k dr
surface composition were studied by Kim et al. (2009) . Kim

suggested that the drying process needed to be fast and at low heat

in order to be efficient and cause no damage to the final powder
product. The drying history of milk particle s is modified from

previous models and shown in Figure 2-12. The drying process is

divided into two periods: the shell -forming and core shrinkage. The

result showed that the initial solid concentration significantly affects

the surfacers composition. It was expl al
content will prohibit the redistribution of milk components causing

a high gradient in concentration. Kim proposed that due to differen t
diffusivities, the fat molecule and protein will both en d up cover
more at the surface compare d to lactose (Kim, Chen and Pearce,
2009) . This explains the high  -fat concentration coverage on the final
dried -mil k powder . This work is wuseful for
composition of a droplet with different initial suspended solid size

and diffusivity.  Huang (2011) developed and tested a model that

can provide reliable data on the internal c omposition profiles, skin
formation, final structure and density. The author discovered a

further shrinkage can happen and the crust may collapse after the

skin formation stage. The temperature gradient within the droplet

is negligible due to greater heat conduction inside compared to
surface heat convection. The diffusion equations and boundary
conditions were transformed into dimensionless so that the Peclet

number becomes a control parameter. The shell -forming
mechanism hence was determined based on the Peclet number. A
model from Tran (2015) considered the spatial distribution of solute

and shell porosity while neglecting the aggregation effect. The
physical model was developed where the particles shrink at early
stages, until the point where the solute concentration at the droplet

surface is enough to form the crust. Then the drying rate happens

via the evaporation of water through the non -uniform crust.  Farid
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(2003) developed a new mode | for modelling single droplet drying
focusing on internal temperature distribution. The dimensionless

Biot number, which is defined as a ratio of heat resistance within
and at the surface of a body, was used. The discussion is thatt he
uniform temperature distribution assumption due to a small Biot
number is not valid even for a very small droplet (<200
micrometre ). However, it is acceptable at the early drying stage
since the thermal conductivity of the droplet is high. As the droplet
continues to dry and forms a shell, the
decreases by one order of magnitude causing the Biot number to
increase significantly. The shrinkage t ime can be derived by
integrating a differential equation of changing the droplet radius.
Overall, Farid (2003) showed an interesting approach to single drop
modelling with improvements on assumption s for the temperature
field from previous models . However, there is still a lack of
predictions for final parti  cle structures. Miglani and Basu (2015)
studied morphologies transition of nanopart icle laden droplet s
utilizing the acoustic levitation method. The aim was to investigate
how the functional properties, such as droplet size or initial solute
concentration, can alter the Rbucklingc¥
in the experiment was the nanosilica solution with an average
diameter of ¢ 1€ Gsuspendedinde -ionised water. The buckling rate
and its response to heating rate were described using energy
balance and experimental data. Miglani and Basu (2015) showed
that the shell thickness is a critical factor that determine the amount

of stress required for shell deformation. Zhang and Zhang (2016)
proposed a simpler diffusion  -control model utili  zing a quasi steady -
state assumption. In this model, a perturbation method was
implemented to solve the complex Navier -Stokes heat and mass
transfer equations. It breaks down the solution into small er
par ameters. A dropl et si ze formul a fo

expressed in terms of radius -dependent pressure. Wu etal. (2016)
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also considered the temperature gradient within the droplet , which

was prev iously ignored by Huang (2011) , causing by heat
conduction between the interface and the surrounding air , and the

heat taken out by water vapour. The model produced good results

against experimental data at low Stefan number. The authors
suggested an adopioiradreroff i Rhit @herd ement ¥
modelling droplet at high Stefan number as the time fore vaporation

would increase.

Comment _s:

Modelling approach for colloidal systems mainly focu ses on
understanding the skin forming mechanisms through dimensionless

ratio s such as the Lewis number or the Peclet number, initial solute

concentration and droplet size. Most of the reported papers

developed the heat and mass transfer equations in various
approaches, since it is the critical factor determining the crust

formation. Moreover, the mechanical properties of the droplet shell

were analy zed through informa tionon the sur f acefs composi

concentration gradient at the interface. There is no mathematical

tool to solve the system efficiently as it often includes partial
differential equations (PDEs) . Therefore, it is desirable to have a
better numerical method and modelling approach to solve the

complex set of PDEs . Although the drying process was studied

broadly , no papers proposed a decent model for predicting the final

morphologies. In order for the drying model to capture the parti cle
morphologies, the local drying variable, such as the internal
concentration profile, internal diffusion or shell composition should

be focused on . This requires a high level of model complexity which
needs to be solved in  higher -order coordinate system s, such as the

2-dimensional or 3-dimensional coordinates .
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2.1.5.2.  Crystalli sation

A number of reported studies w ere done on the crystalli sation
system. In this type of droplet solution , a solid crust is formed
through solute crystalli  sation during drying. Baldel li et al. (2016)
studied the effect of crystalli sation on Sodium Nitrate droplet s using
a droplet chain method in which monodispersed droplets are
produced using a piezo -ceramic dispenser. Previous models
published by Vehring (2008) and Boraey and Vehring (2014)
required constant evaporation rate to work and provided partial
knowledge on particle formation in liquid -diffusion and slow diffusion
cases. A number of parameters were considered: the mass fraction

of solute, particle density, shell thickness, evaporation rate, the
Pecletnumber, saturation stage and surface enrichment which is the
ratio bet ween t he surfacerfs concentra
concentration. The crystalli  sation does not start at  the saturation
but rather at the supersaturation state. The result showed that
Sodium nitrate droplet began to crystal iseat Pa @ to w) . A
significant decrease in density can indicate the crys talli sation
process. The crystals continued to nucleate, grows and forms a

porous shell. This emphas ises the importance of  the crystalli sation
step in determining the final properties of dried particles. The study

provided a detail ed explanation on the cry stallisation mechanism .
However, therew ere lack of insights on the structure of porous shell

and a numerical model to describe the drying process.
2.1.5.3.  Polymeric solution droplet

The droplet contains a polymer solute and water/polymeric solvent

is discussed in this section . The system is described to be dependent
on the initial concentration and the dimensionless Peclet number.
The polymer solute exhibits special properties in which its
concentration increases during drying up until the glass transition

point a nd form s a glass -like skin which is permeable and pliable.



39

Ozawa etal. (2005) investigated the drying of a thin film of polymer
solution pinned on a flat solid surface. It was argued that the
assumption of Newtonian fluid inside the droplet is only true for the
early -stage drying and it breaks down when solute concentration
dominate s. Therefore the change in vi scosity and evaporation rate
were two main concerns. The shape evolution is described by the

change in height and liquid velocity within the droplet. The model

predicts the ring shape, in which a droplet has a dip in the centre,

in the case of high initial solute concentration and low evaporation.

Low initial solute concentration and high evaporation rate resulted

in a flat shape called t h edotRtype. Although the experimental
technique did not represent a perfect
result show ed how important the polymer concentration is to the
final shape. Sugiyama (2006) aimed to study the effect of different
molecular weight s of dissolv ed particle s on final morphologies. The
droplet shell is formed by the compressive capillary stress induced

by the receding interface. This paper investigated how changing the
molecular weight of dissolved poly(ethylene oxide) (PEO) can affect

the buckling rate and final particle morphology. The resultillustrated
different dried particle shapes according to a different molecular

weight of PEO. The higher the PEO molecular weight , the more

crumple the particle will be, as shown in Figure 2-13.

Figure 2-13. Increasing initial PEO polymer concentration affecting the

final dried -particle (from left to fight)  (Sugiyama et al. , 2006).
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In addition to the particle buckling, Sugiyama (2006) also
gualitatively observed new behaviours: rippling, violent explosion

and jumping. This  provides vital information on the mechanical
response of the viscoelastic polymer droplet. Baldwin etal. (2011)
studied the drying of sessile Poly(ethylene oxide) droplet on a flat
surface under vari ous experimental conditions to see how the Peclet
number affect s the droplet morphologies. The skin formation of the
PEO droplet was predicted by a four -stage process: pinned dryin g,

receding contact line, boot -strap building, late -stage drying. A

droplet is pinned in the first stage with a constant radius but
decreasing height and volume. Subsequently, once the surface
concentration is saturated, the solid semi -crystalline spheruli  tes

formed and trapped water. The outer layer is then solidified given

enough drying time. This stage is critical to final structures since the

speed of crust solidification determine sthefr f1l at rough pu
Runstable pillar¥f . Th enandpropertiesoonfinad ki n f or
dried particle can be applied in single drop drying of polymeric

system. A process parameters such as the relative humidity,

pressure, contact angle and temperature were varied in order to

change the Peclet number. However, the t ransition between the two

morphologies was not investigated and is recommended in the

future work. The two papers from Baldwin et al. (2011) and

Sugiyama etal. (2006) illustrated important variables, such as the
effects of initial concentration;hepol y me
diffusi ve flux, and its effects on the final morphologies. This

emphas ises the importance of solute physical properties. Gopireddy

& Gutheil (2012) studied the drying of a bi-component polymer

droplet: evaporating liquid and dissolved solid particles. The model

developed in this paper is applied for a polymeric system which
included the modificati on to the solid formation model and the
activity coefficient . The heat and mass transfer equations of

Abramzon & Sirignano (1989) model were used with modifications
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accounting for the crust formation. The drying process was
explained following the paper from Ne $ & Vodnik (1991) consisting
of four stages: initial heating and evaporation, quasi -equilibrium
evaporation, crust formation and growth, boiling and particle drying.

The crust formation in the polymeric system is formed by the
molecular entanglement with an increasing conc entration until solid.
The rate of evaporation used the droplet radius variable, instead of
the volume -equivalent radius. A temperature gradient was found by

solving the heat conduction equation at the droplet centre and
surface. The model showed a good un derstanding of how droplet
dries over time with good agreements of parameters such as the
temperature, the evaporationrate,and  the solute mass distribution.
However, the model was based purely on equations constructed
previously without tak ing into accou nt the polymer properties.
Hence, there was a lack of thermal conductivity and diffusion
through the skin investigation and the results did not show any
importance of polymeric crust behaviours.

Rajagopalan (2014) investigated the generation of blended micro -
particles from a solution containing two immiscible polymers. A
vibrating  orifice aerosol generator (VOAG) was used as a
monodisperse equipment to generate polymer droplets. A model
was developed taking into account the convection phenomenon
inside the droplet. If the evaporation time is shorter than polymer

diffusion time , a homogeneous blend of polymers is achievable due

to no phase separation. At a low solid concentration, the polymer
shell is formed along the drying process and collapses eventually

due to low solid concentration leading to the final solid with  a hollow
surface and i ndentations. However, a thicker crust is formed with

higher initial  polymer content, hence the droplet wall will stop
collapsing given  a strong holding force. A system with high polymer
volatility (THF) and  a highly porous shell resulted in an inflated -like

balloon shape as shown in Figure 2-14 (a). The evaporating
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polymer, DMC, has significantly higher volatility than the blended

polymer solution, hence as soon as the crust is formed, the
remaining DMC penetrated through the skin leaving pores on the
droplet surface shown in Figure 2-14 (b). The only case where the
spherical particle was forme  d (referto Figure 2-14 (c)) is when the
solvent evaporates slowly with relatively high initial polymer
concentration, the skin is thickened to prevent collapsing, even

though all the particle obtained were brittle. This would result in a

rough surface and creates flakes falling off the skin

Figure 2-14. Final particle morphologies from different drying

conditions. (a) High evaporation rate and highly porous shell; (b)

High evaporation rate and very high volatiles solute (Rajagopalan,
2014).
The author illustrated the limitations of applying the previous model

to the polymer system. A droplet contains polymer does not have a
critical saturation concentration for precipitat ion. Moreover, the
polymer solute will undergo degradation at high temperature s and

the droplet surface might not reach the solvent boiling point due to

a high evaporation rate, which lead s to the effect of particle
convection that needed to be considered. Kaneda etal. (2008) also
studied the internal flow and receding surface of polymer droplet S.

The Marangoni effect ,whichis the mass transfer effect along a liquid
interface due to the gradient in the surface tension, that was
neglected previously is included in this paper . The surface used for

depositing a droplet is lyophobic. The evaporation rate and initial
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solute concentration are the two main factors. The results showed
that the evaporation rate is independent of the initial solute
concentration , but decrease s at the droplet pinning. The convection

effect and variation in the sol ventfrs viscosity. are al

Comment _s:

A low number of  published studies targeted the modelling on single

drop let drying containing dissolved polymer component s. The
experiments were ma inly on the evaporation of droplet s on a flat or
hydrophobic surface which is not fully applicable to droplets in a

spray dryer. Most of the currently available m  odels were developed
taking into account  the receding interface. Since the polymer shell
perfo rms viscoelastic properties, the skin can collapse or be
penetrated by another higher volatility component. Moreover, the
entanglement or solid - like behaviour of polymeric solute will lead to
different porosity. Most of the works yielded similar results th  at the
evaporation flux is independent of initial polymer concentration and

the shell -forming time is critical to final morphology.
2.1.5.4.  Multicomponent droplet without solid content

The multi -component droplet contains more than one solute in the
solution . Henc e, there exists a competition between the heat and
mass transport, volatility, spatial distribution between solutes. This

section reviews reported studies that considered a single droplet

type which consists of more than two dissolved or suspended
components. Newbold and Amundson (1973) aimed to have a better
approach to describe the multicomponent droplet evaporation in
stagnant gas near its boiling point. The goal was to understand a

flux of heat and masstra  nsferring between the droplet and ambient

air. This can be used later to describe the change of droplet radius,
concentration and temperature from differential equations. A
pseudo -steady state approach was suggested to provide the

analytical solution over the transient equations which cannot be
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solved for the exactsolution .The model was tested against the two -
component and three -component droplets. Prakash & Sirignano
(1980) studied the droplet evaporation in a convective heat gas
stream. The droplet contains three hydrocarbons which are n -
hexane, n -decane and n -hexadeca ne. In this model, a quasi -steady
state was employed for both gas and liquid phases. The governing
equations in the gas phase and liquid phase were coupled at the
liquid -gas interface to predict the evaporation rate. Results
exhibited the temperature diffe  rence between the surface and
interior is more significant for a heavy and less volatile droplet. The
model suggested the importance of temperature distribution and

further  researches are needed for the drying mechanism.
Renksizbulut et al. (1983) studied the heat and mass transfer
between the multicomponent droplet and the superheated steam
passing throughina Reynold s number rangeof 10 to1 00.At a high-
temperature gas flow, the evaporation of the solvent affects the flow

field near the surface leading to a change in drag force and heat
transfer. A mass, momentum and energy equations for both liquid

and gas were performed. Although Renksizbulut et al. (1983)
obtained an equation for press ure distribution which was useful in
terms of predicting dried structure, a final particle shape was not
analysed further . Trueman etal. (2012) studied the film formation
phenomenon during droplet drying known as the stratification
effect. The shell is said to not always vertically homogeneous
throughout the process and different solute has a different
preferential position. The condition for skin f ormation depends upon
the Pecl et number which can be altered
radius. The governing parameters were the ratio of two Peclet

numbers, || m|lm for two solutes, and the square root of their
multiplication, ||: m ||: m: These represent the concentration gradient

vertically along the film forming and how each type of particles

distributed within droplet. Strotos etal. (2011) derived a numerical
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model for blended fuel -droplet containing n  -heptane and n -decane

at various concentrations. The evaporation rate is derived fro m
Fickfrs | aw considering a vapour concentr
force. The main difference compared to previous model s is the

interface property, which was used as a boundary condition. The

obtainable information from the model is the gas flow fiel d,
temperature, droplet receding interface, droplet shape and the final
composition.

Comment _s:

The main concerns in models for the multicomponent system are
the non -homogeneous composition within the shell , along with the
radius and the vapour region near the droplet interface being
affected by the hot gas flow. The direction of upcoming gas to
different sides of the droplet was believed to be an important factor
that creates the asymmetrical intern al flow field . The d imensionless

Peclet number representing the motions of solutes is still highly

useful for studying dropletfs structure
an attempt using  the reaction engineering method couple with a
composite approach to take into account all th e components. In

conclusion, all models for ~ the multicomponent system are critical for

future study of skin formation behaviour and final morphologies.

2.1.6. Comparison of the heat and m ass transfer

correlation s

Heat and mass transfer correlation s are a critica | factor to explain
and understand the process of droplet drying. Many correlations

have been developed using different experimental techniques, test
substances and drying conditions. This section will compare in detail

from an experimental approach to the correlation derivation of the
two popular correlations from Ranz & Marshall (1952) and Kulmala
etal. (1995) .
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Il n Ranz and Mar shal | shewn smx lpigune i 2rl®& nthe a s
drying of a water droplet suspended on a glass filament was

performed . The heated air enters through the nozzle placed directly

below the suspended drop. There are two ways of determinin g the
evaporation rate: a rate of changing dr
on a thermos -element, or the rate of the feed water to keep a
constant droplet size hanging on a filament. The rotation al velocity

of a droplet is less than one percent of the air velocity and hence
negligible. The drop diameter is within the range of 0.03 cm. The

drop let temperature is measured by emerging a thermos -element
junction inside the droplet. In order to prevent heat loss through

conduction in a filament, the thermo -elem ent is removed during
evaporation. Instead, the temperature profile is determined priorly

by operating at similar condition s keeping droplet diameter
constant. A diffusivity of vapour in the air is used in this correlation.

This is valid for the free conve ction case but needs modification in

the forced convection case. The experiment covered Reynolds
number range from 0 to 200 and air temperature up to 220 °C. Ranz
and Marshallfs heat and masa® etpresseds f er ¢
as,
06 ¢ TYQOT (2-14)

"Q ¢ ™YQYD (2-15)
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Figure 2-15. Experimental setup f or Ranz and Marshall 6s
transfer correlation s.

In the Kulmala experiment, the droplet is injected from a

microsyringe and hung on a capillary as in Figure 2-16 . The air is

compressed, filtered and heated before flowing through the droplet

from below. The thermos  -elements were mounted to measure both

the droplet and the surrounding temperature. The droplet size is

kept constant after 10 -20 minutes and the evaporation rate is

obtained from the rate of water supplied. This method is discussed

to be less accurate than for the evaporation rate calculated from

changing droplet size. The surface of the droplet is not assumed to

be spherical but ellipsoidal. The short axis is taken as the droplet

diameter and the long axis ranging from the capillary tip to the

bottom of the droplet.
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Figure 2-16. Ku | mal a6 s e xsptaprwitmtenmponarits number at
the bottom. The droplet is produced through the microsyringe
(number 9) and its temperature is measured by the thermocouple

(number 8). The air is heated by the heater (number 6).

The Kulmala heat and mass transfer coefficients a re in the form of,
00 pXoywmd X ¥QO I (2-16)
"YQ p& oY@ x ¥QYo (2-17)

Table 2-2 below compares different variables between the two

correlations .

Ranz & Marshall | Kulmala (Kul mala,
Variables (Ranz and Marshall , | Schwarz and Smolik,
1952) 1994)
Temperature
298 to 493K 314 to 449K
range
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Reynolds number

0 to 200 30to 180
range
Droplet diameter 0.6to 1.1 mm 0.7 to 2.3mm

o Diffusivity of vapor ) o
Diffusivity o Binary diffusivity
in air
Temperature deviation

Any assumption is estimated by the
during correlation - hyperbolic temperature
derivation profile indicating

estimation.

) Correlation s based | Correlation calculated
Accuracy against _
. on changing droplet on constant droplet
experimental data ) )
diameter diameter.

Derive analogously

from the heat | Sherwood number is

transfer  equation, derived directly from
Derivation which includes heat the diffusive mass flux
approach deviation from equation based on

conduction along ordinary molecular

capillary and | diffusion.

radiation.

Forced convection _
_ N o _ Free convection means
Air condition means finite  air o
) diffusion only
velocity

N is the average of

Difference in | (total pressure 3
other  variables | vapour partial -
used pressure) along the

transfer path

Table 2-2. Comparison between Ranz & Marshall and Kulmala heat

and mass transfer correlation s.

This information in Table 2-2 is useful for determining the suitable

heat and mass transfer correlation s for a different system with
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different initial conditions. This also indicates that in order to model

a drying proces s accurately, the validity of the heat and mass
transfer correlation s always need s to be revised. The comparison
showed a high sensitivity of the correlation to the drying conditions
which means that for high -temperature drying, a correction factor

might b e needed.
2.1.7. Single droplet drying at boiling point

The bubble dynamics  has been the subject of heavy investigation
for many years. It is an important and interesting topic that has
drawn a lot of attention lately. Rayleigh (1917) is believed to be the
one who laid the foundation knowledge on the bubb le oscillation
within the liquid medium. The work purely focu ses on the effect of
pressure on driving the bubble growth. The force balance is
evaluated at the bubble surface to derive the PDE for the bubble
dynamics, called the  HRayleigh -Plessety ( Rduation .
QY o QY 1 QY c, - -

Mo coe voe'y U Y T (218
Where R is the bubble radius, » IS the surface tension, T s the
kinematic viscosity , O and 0 are the pressure within the bubble

”

and at infinity, respectively, is the density of a liquid. The

pressure -dr i ven bubble growth is referred t
in order to distinguish tfrom the Rther mal effectr
bubble grow s due to the heat flux from the surrounding. As the

Rayleigh -Plesset (RP) equation assumes no mass flux at the bubble
interface, Prosperetti (1982b) derived from  first principle s and
extended the RP equation that includes the mass flux at the bubble.

It should be noted that the work from Rayleigh Plesset and
Prosperetti consider s only a single bubble in an infinite liquid
domain. However, their work is critical since the problem of interest

in this thesis is the bubble growth within the droplet . The same

principle can be followed to derive a n exten ded version f or the

(
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bubble growth within a confined layer of liquid. Scriven (1959)
investigated the  dynamics of phase change which is applicable to
study the bubble growth by the Rther ma
verifications tests related to the phase change phenomenon called

the RStefan problemr and (tShaet oRSauncdk i MigC epr
2013) . The two problem s basically consist of tw 0 phases sharing an
interface in the middle. The interface will move due to evaporation

with the temperature con strained on the interface to be the
saturation temperature. The analytical solution of the Stefan
problem will be discussed in Chapter 4. Rucken stein looked at the
bubble growth within the superheated liquid (Ruckenstein and
Davis, 1971) . The focus of the paper is on the effect of the motion

of the bubble on the bubble growth rate. The result has shown to be
similar to that of the Plesset or Scriven equation s if turning off the
translation motion effect in the limiting cases. The motion of the

bubble , hence, has been shown to be important to the rate of bubble
growth. Thisis considerable to the boiling droplet phenomenon as

the bubble motion would be under the effect of the convection within

the drying droplet in reality . Payvar (1987) studie s the mass
transfer effect to the bubble growth on a rapid decompression of the
liquid. The theoretical model considers the gas bubble domain within

a liquid and dissolved gas domain. The continuity, mass and
momentum equations are used to relate the press ure within the
bubble to the instantaneous pressure in the liquid phase. Osamu
Miyatake etal. (1997) attemp ted to describe the bubble growth in

a pure or binary solution with the non -volatile solute. The bubble
acceleration effect was taken into account w hen deriving the
equation. Osamu argues that for a bubble growth within a binary
solution, the grow th rate is not only determined by the superheated
temperature, liquid pressure but also the mass fraction of solute.

The solute concentration has been shown to have a significant

impact on the bubble growth rate if the pressure at far -field is
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constant. An improved model for bubble kinetics within a pure liquid

was also proposed with the correction o f the non -linear relationship
between the vapour pressure and temperature. Feng etal. (1997)
examined the bubble behaviour in a compressible liquid which

results in non -linear bubble dynamics. The bubble shape
deformation was taken into account as most of the previous work

always assumes a perfect ly spherical bubble. The aim is to have
another R ayleigh -Plesset version for the non  -spherical bubble. Pai
et al. (2002) studie d the bubble growth in a viscous polymer
solution, which is relevant to this thesis work as the droplet would
get more viscous during drying. The growth of the bubble takes into

account both the momentum and the heat and mass transfer

effects. The governin g equation of the bubble is derived from the

first principle s in a radially symmetric coordinate. The heat transfer

is not a controlling factor for the bubble growth in a viscous liquid.

Preston etal. (2007) proposed an alternative set of ODEs equation S

to solve for the heat and mass transfer effect on the bubble

dynamics. The idea of this reduced -order model is to transform a
complex set of PDEs for the bubble growth into ODEs whic h can be
solved numerically. All the variables in the reduced -model are

transformed into dimensionless form. In general, the model relates

the temperature and the concentration gradient at the bubble
surface to the volume -averaged temperature and concentra tion,
respectively. The model has been shown to match with the solution
fromPDEsat 0 'Q p T

Alamilla -Beltran et al (2005) investigated the particle
morphological changes along the vertical spray dryer using scanning

electron and light microscopy. A sample at different heights is
withdrawn in order to analy ze for moisture content and particle
structure development. At an intermediate drying temperature, no

particle breakage was observed compare d to operating at high
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temperature s. An example of particle breakage is shown in

Figure 2-17.
" A, a1

£
S R -

ot ¢
S M s
K o

e

Figure 2-17. lllustration of particle breakage using SEM images (Alamilla -

Beltran et al. , 2005).

A thick, compact and irregular crust wa s formed at a low
temperature while the smooth -surface particles were observed at
high temperature s with broken pieces. The low evaporation rate
gives enough time for the solid to distribute within the droplet
whereas , at a high -temperature condition , the species within the
droplet rushed to form the solid skin in a short timescale leading to
constant particle diameter and smooth surface eventually. The

broken materials were created due to an intensive thermal
condition. Alamilla -Beltrdn etal. (2005) provided a clear explanation
and description of the skin forming process. This work is crucial for
the understanding of particle shape at different conditions and
moisture contents at high temperature s. Renksizbulut and Yuen
(1983) studied the suspended water, methanol and n -heptane
droplet drying at  a high -temperature environment. Although there

were a number of previous heat transfer correlations formulated at

the high -temperature range , the effect of flow blowing and variable
properties were  not yet considered  according to the paper. In the

wor k presented, the dropletfrs hetha

tran
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upcoming gas streamfs t e ¥CpByvahidatingthes
existed correlations data against the experimental data, an

improved correl ation was constructed. All three components within

the droplet show a good fit following a new correlation. Hecht & King
(2000) considered two models for droplet drying including the
internal bubble. The first model is a simp le model for calculating  the

evaporation rate and temperature profile. The drying rate is based

on the average droplet moisture content and the temperature is
based on the energy balance equation. The second model assumes

a centrally located bubble with a given initial size and temperature.
The energy balance equation was modified to include the
evaporation towards the bubble. The bubble size can be calculated
through two variables: bubble volume or bubble pressure. The
changing bubble volume is calculated based on the ideal gas and
the sphere volume equations. The changing bubble pressure is also
obtained through the ideal gas equation and the ambient pressure
term. This pressure difference is then converted to the expansion or

shrinkage velocity hence obta  ining a new bubble size.
2.1.8. Analogous problem - Fuel droplet evaporation

Drying a droplet at high temperature S can generate a very high
evaporating flux. This is similar to drying a droplet with a highly
volatile component. Hence, a fuel droplet is considered in this
section to investigate and examine the similarity and its
applicability. Godsave (1953) studied the evaporation and
combustion of fuel droplets in the spray injection systems. The high
mass transfer phenomenon can affect the heat transfer process
during drying. Sazhin (2006) suggested that the fuel droplet
evaporation process should be split into two steps: (1 ) fuel
molecules detach into the vicinity gas medium and (2) the diffusion
of fuel vapour to  the gas phase. The fuel vapour is assumed to be
always saturated so only the diffusion process is considered. This is

called a hydrodynamic model of droplet evapor ation. Sazhin (2006)

up

t
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aimed to improve t  his model by taking into account the convection

of gas and fuel vapour away from thedropletfs surface.

flux towards the droplet was assumed to be zero, therefore , the
diffusion of ambient gas towards the droplet equals the convection

of gas away from the surface. The mass diffusion of the liquid phase
was then described by  the diffusion equation for each individual
component /species . All the convection effects and recirculation
inside the droplet were neglected. The model from Sazhin (2006) is
highly practical in describing the high evaporation flux from drying

a fuel droplet. Kotake & Okazaki (1969) also contribute d to the
stud y of the evaporation and combustion of fuel droplets. Droplets

of benzene, methyl alcohol, ethyl alcohol and n -octane were the
system of interest . The author compared the two assumptions for

the evaporation process: quasi -steady state and unsteady
evaporation. The result also showed that the droplet surface
temperature increases rapidly at the beginning in a short amount of
time and reaches the asymptotic value close to the liquid boiling

point.

Tk
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2.2. Conclusion s

The literature review for spray drying, single droplet drying and
boiling are conducted in detail. Although there is numerous work on
droplet drying, the boiling model is scarce. The most relevant area
to the boiling droplet is the development of the governing equation

for the bubble growth within an infinite liquid medium and the
analytical solution for the phase change problem from Scriven
(1959) . In terms of morphological development, the currently
available model s focus mainly onthe global drying rate without any
information on the droplet internal domain . The high -resolution
model developed within the next chapters is able to capture
specifically the temperature and moisture distribution within the
droplet, hence contributing to the goal of predicting the
morphological development of the dried -particle. It should be
mentioned that  there has not been any published drying model that
considers the physics of  a droplet falling while drying. In the single
droplet drying experiment, the droplet is hung within a hot gas

stream with a constant velocity. This does not represent accurately
thevelocity fieldthat the droplet experiences withinthe spray dryer.
Theoretically, the terminal falling velocity is reached shortly after

the droplet leaves the atom iser. The droplet falling velocity will then
change as the drying progresses, since the droplet radius decreases

leading to different drag and lift on its surface. Therefore, the
Reynolds number of this system will be highly dynamical considering

the chang es in the terminal falling velocity during dr ying. An
innovative simulation scheme has been developed in this thesis
(Chapter 3) , that can model accurately both the droplet drying and

the falling physics, while keeping the droplet from leaving the
domain through the PID algorithm which will be discus sed in the

next Chapter 3.
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Chapter 3

Fundamental theory and

validation benchmarks

This chapter focuses on the principal theory of the methodology,

which is the Finite Element Method (FEM), the verification and
validation studies of the simulation scheme against the benchmarks
and the justification of the mathematical model that will be used for
developing the droplet drying model further . The first part
introduces the history and theoretical framework of the FEM
followed by the development of the PID feedback loop that can
simulate the falling droplet with terminal velocity . The third section
ist he benchmark study  of the flow pastthecy linder system. Finally,
the modification of the boundary conditions of the flow past the
cylinder is applied  to analogously represent the liquid droplet falling

in the air.
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3.1. History and principal theory of Finite Element
Method (FEM)

The finite element m ethod (FEM) was not invented by any

individuals, but by a group of enthusiastic engineers and
researchers over many decades in the 195 0s. The two papers from
Schellback (1851 ) and Courant (1943) are referred to be the earliest

attempt in terms of mathemati cal development. The use of FEM to

solve engineering problems began around the 1950s in the field of

civiland aerospace engineering. There are four individuals with huge

contributions to this field namely John H. Argyris, Ray W. Clough,

M.J. Turnerand O .C.Zienkeiwicz . |t de p e n dpointoh viewm e ¥ s
to decide when was the first application of FEM, but the paper from

Turner (1956) is often mentioned as the first published paper in the

FEM community . This paper was written when Prof R W Clough

worked at Boeing in his summer job  under the supervision of Mr. M

J Turner. Many papers were published after that from Turner, Clough

(1956 ), Argyris (1957 ) and Aziz (1972 ). Mr. O. C. Zienkeiwicz also
published a book specifically for FEM named

Met hod: l'ts Basis and Fundament al st .

The finite element method (FEM) is a numerical technique that
provides an approximation solution for the partial differential
equations (PDEs). The partial differen tial equation is a type of
equation in which the dependent variable is a function of
multivariable and their partial derivatives. They are encountered
frequently in mathematics and structural engineering which is
challenging to solve for an exact solution. The PDEs can be divided
into parabolic, elliptic, and hyperbolic classes. The two common

ways of solving such PDEs are finite -difference and variational
methods. The latter method is essentially the backbone and the
philosophy of FEM. The mainidea isbased on the RPrinciple

minimi sation f which descri bes how nature wor
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states always seek maximum entropy or in other words, minimum

internal energy at equilibrium. The concept of entropy is based on
probability, or how likely the s ystem evolves into other states of
energy. A glass of water at 80 °C will be more likely to cool down at
room temperature than being heated up, even though the latter

chance is not exactly zero statistically. For example, given a
boundary condition on any i nterface, there are countless
morphologies probabilities an object could deform into yet exactly

one configuration is observed in reality. The state which is observed

by the Rnakedf eye, experi ment, or
minimum energy state. T  he way FEM interestingly util  ises this idea

to solve the PDEs is explained in detail next.

As multiple phases are involve d in many engineering problems, the
difference in physical parameters across the interface introduces the
discontinuities in  the soluti on, at which the derivative of variables is
discontinuous. In practice, the derivative of some physical variables

is not always trivial to evaluate and can even cause numerical issues

at higher differential orders. Therefore, it is often estimated, or
avoided to be solved directly due to a lack of mathematical

frameworks to work with.

The problem of solving the temperature profile across two walls
made from two materials is a good representative example to
highlight the practical application of FEM. In order to evaluate the
heat flux across the interface, the temperature needs to be
differentiated twice which is numerically challenging. The first

derivative of temperature across the interface is a discontinuous

functi on, whi ch resul ts i n an even

second derivative. This is undesirable as most of the PDEs require

continuous solution thro  ughout the domain.

Hence, a conceptof R We a k f asrintngduced, as opposed to the

RStrong formf which is referred to

pred

mor

as t
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The purpose is to guess the exact soluti
overcome any problematic discontin uous functions. Technically, the

weak form turns the differential equation into an integral equation

without altering its context, which is also an obvious approach at

the first attempt. This will help, at least, reducing the derivative

order or get ting rid of it eventually. Considering the 1D rod with a

simple 1D heat equation at steady state,

) QY (3-1)
" Qe
on QY
—n — (3-2)
Qw Qw
Equation (3-1) indicates as long as there is still a non -zero heat flux
gradient anywhere in the domai n, it owi | aut
to the nearby spatial domain to achieve an equilibrium state. An

alternative way to think about this is that the temperature will
distribute within a domain at a steady state in a way that there will

be no more change in temperature profile anywhere along with time,

which obeys the principle of minimum energy. The fact th at the
change of heatflux  must be zero is advantageous, as the only main

task now is to minim ise the error associated with estimating the
heat flux gradient . The zero error indicates the exact solution is

obtained.

The equation (3-1) and (3-2) can be integrated by hand to get to
the exact solution, however , this is a good example to explain the
fundamental concept behind FEM without being distracted by the

mathematics complication. The equation can get challenging, or

virtually impossible, to solve once the heat flux varies in vy, z

directions and also with time. The derivative would be then in the
form of divergence and gradient operators instead . In returning to
the problem, the equation (3-2) i s turned into the Rwe.

follow s,



61

oy
—Qw 1 3-3
b (3-3)

This new equation now requires the average heat flux  gradient

in the domain to be zero instead of forcing the heat flux  gradient

to be exactly zero everywhere in the domain, which explains the use

of the terminol ogyFigRlrw&dkf (seen in

Strong form A Weak form

dq, dq, dqs dqy dgs
0re @ L @ o> 0

A A A A A !

o o o o o o o o o o

1 2 3 4 5 1 2 3 4 5
1D domain

with 5 nodes
and 4 elements

Figure 3-1. Graphical represent @dft) aomd od WebaSkt r c
f o r (mdght). The domain is divided into 5 modes (red points) and
4 elements. The heatflux gradient i n t he &6Strong f or md
be zero on all nodes, while the  averaged heat flux gradient inthe

O6Weak formd is forced to zero.

The heat flux gradient in Figure 3-1(left) is exactly zero throughout
the domain, while it is not the case in Figure 3-1(right), the total
area under the curve is zero. No w, the constraint is relaxed.
However, its usefulness can be argued that the change of heat flux
at some nodes can be far off from its true solution, which is not

good, and as long as the shaded area in Figure 3-1(right ) is zero,

the Rweak f or mf equation stil!l hol ds.
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chance that the solution obtained satisfies the governing equation

and can be unrealistic at the same time, and this is true especially

in the case of an insufficient number of ele ments. If we reduce the
integral limit of equation (3-3) to an extremely small range, for
example,
. 8. Qr .. 8 Qr g
g 0o M8h oo B (3-4)
g QW g QW

Since the element is narrow down, the condition of zero heat flux

gradient is likely to achieve which is shown in Figure 3-2,
dg =0
“‘“---H____ 2.01
___________ @ T »Q -
~
1.99 “H--.H___h
dg <0

Figure 3-2. Heat flux gradient variation in the vicinity of the centr e node .

As in Figure 3-2, the change of heat flux at the middle node is

brought to near -zero value thanks to small elements around it . The

heat flux gradient atthe centre node and its vicinity are unlikely to

be far off from zero as it must dleeti sfy
approximation approaches the exact solution as the integration limit

approaches the infinitesimal range. So we now have many small

Rc hunk s ¥ healD md that must satisfy its un ique integral.

At this stage, all the integrations need to be collected and connected
to form a final solution. This is where
f un ct iavenisreduced to conveniently collect and project all the

integration onto the whole domain in an ordered manner. There are

a variety of ways to choose the weight functions, such as the Dirac
delta function in the collocation method or the residual functions in
the method of least squares. However, it is normally chosen as a

linear combination of polynomials functions which are effortless to
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differentiate (seen in equation (3-5)). The purpose of this will be

more clear later.

0 OO ® WL ® wv ® E
(3-5)

oW »® E o0 o

The weight function is introduced into the weak form as,

2ne 0 QG 3-6
—0 W2 T -
oo (3-6)

Theterm ——i s call ed the Rresidual s¥f meani ng¢

is the prediction. The shape of the weight function is plotted in

Figure 3-3.

w; (x)
F 3
wi(x)  wy(x) ws (x) w, (x) Ws(X) eee Wy (%)

Figure 3-3. Linear weight function illustration

Technically, the weight function is very flexible due to its
combination of polynomials. It can be chosen so that for every W
position along with the domain, the weight value at that node at W

is 1 and smoothing out to 0 to neighboring nodes (as seen in Figure

3-3). Mathematically, the product ——0U o isequivalent to,

Q00 56 o 2N%xh o B 2N9a0 6
—— WL —— WL —— WV
Qw Q Q ® (3-7)
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The inner product of —— and U w can be thought of as the

orthogonal projection of the residuals onto each term of the weight

function. Therefore, instead of having to manually collect all the
integrals at every node, the weight function restricts the
contribution of the integral onto a small range centering around

node x, thus achieving the same effect. The graphical representation

of this procedure is shown in Figure 3-4, where a general function,

"Qw , is projected onto the weight function, for example, at € € ' WQ

fe1

A 4

L

Wit v v v v vy v vy v v v v v

1 34
0 o @ o >
n=1 2 3 4 5
fw;(x)
F 3
f(x)ws(x)
0 @ @ ® >
n=1 2 3 4 5

Figure 3-4. Graphical illustration of the inner product between the main

function and the weight function at - o W
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Figure 3-5 shows the approximation of function "Qw using 5 nodes

on the inter val { T,n} .

fl)4 — Exact solution

--- Approximation

0
n=1 2 3 4 5 domain
Figure 3-5. Approximation of general function f(x) using all 5 nodes . An
approximation solution (dotted red line) is compared with an

exact solution (blue line). The app  roximation solution converges to

the exact solution as the number of nodes increase.

To sum up, the temperature profile along the 1D rod is the topic of

interest and the principle of minimum energy requires the change
of heat flux to be zero along the rod. The condition on the zero heat

flux gradient is relaxed by asking for an average hea tflux gradient
to be zero instead of  the exactheatflux gradient atany point, which
iscalled RWe ak f or mu.lThig appoach is not accurate if the
distance between nodes is too large. Hence, the rod is divided into

many small er pawWeakfomamgd ¢tbedRtion is appl
individual part. The weight function is introduced to collectively

connect the weak form of all pieces. The difference between the
approximated heat flux gradient and zero heat flux gradient is
t er med Rr esi du adindaskisastontinint hige ths difference.
Moreover, the equation (3-6) is equivalent to,

——0U0 WQW ¥ewQw T (3-8)
Qw
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After carrying out the integration by parts,

el 0Qw YO UL w B0 U W Qw (3-9)
Conveniently, the temperature is now required to be only once -
differentiable instead of twice -differentiable, as the derivative is
shifted to the weight function. This is the reason why the weight

function should be a combination of polynomials so that the whole

equation (3-9) still holds at this point.

The method for approximating the temperature at each node to

obtain the heat flux gradient f or t he formati on of
formul ati onf¥ i's discussed next. The te
continuous variable as it can take any number of significant figures

and also can be evaluated at any point along with the domain at any

time. Hence it needs to be transformed into a discreti sable function,

whi ch i s anal ogous t o t he Rwei ght fo
temperature i s approxi mated by a Rtri al
Y %o W (3-10)

Where O are unknown coefficients and % Wis the Rbasis fun

or Rshape functionf or Rinterpolation f

All the main equations and main variables are now in the form of

summation functions ready to be discret ised. The question now lies

inhowto choose the basis function within the trial function. Galerkin

method is the original FEM technique in which the basis function is

chosen as the weight function to ensure differentiability. This

simpl est form of basi s function S i nf

functionf¥ and expr g3%lgdndi(F12quat i on
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v o) Q¢ ® W W
0 ® . W . L (3-11)
Ly - Qe W
tr 8
And its derivatives,
-~ P o~ s
I’ll "_ QS m (D w
I A} Q
v W p (3-12)
') — “Qé (i) (b (‘L)
R Q
Vs 8
This function is technically known as a piece -wise linear basis

function , of which the illustrati  on can be referred to as the weight

functionin  Figure 3-3. A more complicated form such as the piece -
wise quadratic basis function is shown in Figure 3-6,
w; (x)

w1(x) w3 (%) w3 (%) wy(x) w5 (X) Wy (%)

Figure 3-6. Graphical plot of the  piece -wise quadratic basis function
Different colour s represent different basis function s for different

nodes.

Any components in the weak form can be transformed to the trial

functionfrs for mat which is the sum

e 60 Q 0 Yo% 00 ®OO ® Q® T (3-13)

Or

of
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YO O Y% ® Q0 ® 8
(3-14)
8 YO 0 0Qw m
Rearranging equation  (3-14) into a matrix form gives,
= J|| .H. (3-15)
Where "Yis the vector of unknown variable "Y=[ "YRYI 8Y , Ais the
stiffness matrix (n X n) containing all the unknown coefficients of Y

in row j, and b is the heat source value vector which is O in this

case.

We have now transformed the fStrong form ¥ into the RNeak form ¥,
and into a discreti  sable form using the summation scheme (seen in
equation (3-5)). This equation will be solved by a designated solver,

either by Direct or lterative solvers. The process repeats until the
residual, in which the approximated heat flux gradient is close to

zero within a given tolerance.

A finite element method is a powerful tool in solving an engineering

problem involving irregular geometry with discontinuities at
interfaces. The computational result is accurate and reliable given

small enough elements. Many physics problems also involve a
moving interface in which a controlled domain changes its size with

time. An extra mathematical tool is needed to track this movem ent
of the boundary condition, and hence the computed solutions are

kept accurate. The next section discussed the interface tracking

method used in this thesis and its theory.
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3.1.1. Arbitrary Lagrangian - Eulerian interface

tracking method

The chosen interface tra  cking method is the Arbitrary Lagrangian -
Eulerian (ALE) method. This is a powerful method to track the

moving interface in computational fluid mechanics. This method is
explained in the following sections including the fundamental
principle, the limitation s and the motivation behind developing such

method, and also its implementation into the simulation.
3.1.1.1.  Principal theory

The theoretical concepts underlying the formation of the arbitrary
Lagrangian -Eulerian method is revi ewed in this section , which will
expl ain the motivation behind the method. In any set of governing
equations, all the dependent variables can be a function of the

spatial coordinates and time. The time evolution of the physics
involved can be described using a coordinate system , or so -called
the Rki nemati cs d dlec choiget of oam ¥ appropriate
coordination scheme, which is formally named the Rfr ame of
r ef er e deteemines the practicality for solving the problem
accurately and efficiently. First, there are two basic viewing
perspective s to an object or particles in motion: the Lagrangian and
the Eulerian views, which were developed by the two great
mathematicians Leonhard Euler(1707)  and Joseph -Louis Lagrange
(1736) . While Leonhard Euler made a huge contribution to
Mathematics including geometry, trigonometry, and calculus,
Joseph - Louis Lagrange is famous for his work in variational calculus

and his well -known Lagrangian multiplier method in mechanics.
Their work is both important and critical in the development of the

continuum mechanic s field.

In the Lagrangian perspective, the frame of reference moves
together with an object. This type of frame is called the RMateri al

f r a maAn analogous example of this is the speedometer attached
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to a car to measure its instantaneous velocity. In th is type of
description, all the mesh nodes and elements will move with the

physical object. This is particularly helpful in structural mechanics

and modeling of the material with history -dependent properties. The
deformation of solid over time can be conve niently calculated,
without the need of updating the spatial position at every time step.

However, when the material is exceedingly distorted, such as the

vortices in turbulent flow, the accuracy is completely lost due to
inverted mesh. T h e cdtlureeisn@tenhneedegl #in the r o

Lagrangian system.

In contrast, the Eulerian perspective holds a fixed frame of reference

and an object moves with respect to the frame, or the computational

grid. Therefore it allows for a strong deformation without the need

of reconstructing the mesh. The frame used in this approach is called

t he RSpatial frame¥r or RLaboratory fr ame
a fixed speed camera taking the velocity of many cars passing

through a fixed area on the road.

The following example illustrates the distinct characteristics
between the two coordinate systems and how they can be converted
interchangeably. Thisis  highly useful to understand the basis of the
ALE method. Consider a ball made up of two different materials with

different d ensities represented by the blue and the orange domains

(seenin Figure 3-7 and Figure 3-8), rolling down a slope under the

effect of gravity. The gravitational forc e on each domain will,
therefore, be of different magnitude due to the different mass on
each half. The position of the ball is taken at 0O Ti,0 piandOo

Ci.
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Eulerian viewing perspective
‘Spatial frame’

Figure 3-7. Eulerian perspective of a ball rolling down the hill under
gravity . The gravity always points downwards in they  -direction as

the ball rolls down the slope.



Lagrangian viewing perspective
‘Material frame'

Figure 3-8. Lagrangian perspective of a ball rolling down the hill under
gravity . The ball velocity is pointing up the hill in the Lagrangian
frame. The gravity changes its direction during the rolling instead

of being fixed in the Eulerian frame

The position and direction of the gravitation force are what
distinguishes the Eulerian and Lagrangian coordinate systems. In

the Eulerian view ( Figure 3-7), the gravitational force is always

vertically downwards despite the state of the ball. This is because
the gravity is calculated with respect to a fixed coordinate (x,y). So
the x -component of "O changes over time while the y -component is

fixed. The pi cture is different in the Lagrangian view, which is shown
in Figure 3-8. In this system, the rolling action will not be observed

because the viewing fra me is attached to the ball, so it is always
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stationary. The slope will move relatively upwards as time

progresses.

In this material frame, the changing external force, such as gravity,

acting on a fixed ball is varied. Hence, instead of observing the

rotat ional motion of the ball, the circular locus of the gravitational

forces on two halves of the ball is seen (dotted lines in Figure 3-8).

The x and y comp onents of "O are now fixed while its direction

changes over time. The angle of rotation of gravity in Figure 3-8 can
be related to the distance travel led by the ball in Figure 3-7
accordingly.

Generally, due to the nature of the Lagrangian coordinate system,

the free surface or the fluid -structure inter face can be tracked
accurately. However, the mesh associated with the Lagrangian
method cannot afford a strong distortion, as seen in Figure 3-9.

description bl '

Strong distortion X
Interface resolution \/

Figure 3-9. Mesh distortion problem associated with the Lagrangian
view . Movement d irection of the nodes (red points) on an obj ect
(green domain) is showed on the left side, and the resultant mesh
is on the right. The mesh does deform together with an object in

the Lagrangian description of motion.
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As all the red nodes must move  together with the green object, a

slight deformation ~ on the top left corner of the square results in a

heavy mesh skewness. Any heavier deformation will cause inverted

elements and terminate the FEM solving procedure, hence requiring

frequent Rremeshingf operations. The

the gr een square in Lagrangian and Eulerian system are expressed

as follow s,

¥

Lo (3-16)

0 atud (3-17)

~

On the other hand, as the spatial coordinate uh;d:u is required at

each time step in the Eulerian method, a precise interface tracking

is essential for the next time step to be reliable, which is

computational ly demanding. An illustration of the Eulerian mesh is

in Figure 3-10.

[ N I A

Eulerian
description

Strong distortion v’
Interface resolution X

Figure 3-10. Loss of interface reso lution problem associated with

Eulerian view . The direction for every node (red points) on the

object (green domain) is shown on the left, and the results

movement is on the right.

description of motion.

The mesh does not deform in Eulerian
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Extreme distortion of the green square can now be described using

the Eulerian system without a meshing problem, however at the cost

of the interface resolution. In order to have a highly resolved

interface, it requires a small time step and higher -order
interpolation function to achieve. The Lagrangian method favors the

problems in mechanics while the Eul eri e

used in fluids flow equations. The limitations of each approach had

been discussed. Therefore, the problem involving the flui d-structure
interaction will be a challenge to model using only one viewing
perspective.

The arbitrary Lagrangian -Eulerian (ALE) method was developed

aiming to combine the best features of I
methods, while trying to minim ise their weaknesses. A first obvious

approach to combine the two systems is to have a mesh moving in

an Raveragefr manner between the Lagrangi
so the detail of the interface is clearly retrieved and a large distortion

is still bearable (seen  in Figure 3-11). The motion of ALE mesh can

be defined arbitrarily so that the mesh rezoning capability is

conserved.
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3 ALE
description

Strong distortion v
Interface resolution \/

Figure 3-11. Mesh structure and interface resolution in ALE mesh
Direction of mesh distortion is shown on the left and the resultant
mesh is on the right. An object is represented as the green domain
with the according nodes (red points) . The mesh partly deforms

with an object in the ALE algorithm.

Spatial coordinate

[ J
Ry

Material coordinate

Spatial domain (ALE)

w D
1_1_;—1 q)—l
Referential domain
(ALE)
X
Figure 3-12. Domains and mapping function involved in the ALE

method . All three domains and coordinates are accessible and

mathematically convertible.
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Neither the material frame nor spatial frame is taken as reference

in the ALE method, but a third domain n¢
One-to-one mapping functions a re needed to map the Rpatial

frame ¥, ®, and the Rnaterial frame ¥, =, tothe Referential frame ¢, A.

This mapping procedure is illustrated in Figure 3-12. The mapping

functions used to convert the Referential domain ¢, N, to the

Rnaterial domain ¥, &, and the Referential domain ¥, A, to the Rpatial

domain ¥, e, and the Rnaterial domain ¥, é, tothe Rpatial domain ¥, e,
are symbol isedas , hand v respectively. Their inverse functions

for inverse mapping are also in the same order. It should be noted
that the mesh in the referential domain is now moving arbitrarily at

a different velo city relative to the material object that gives rise to
the concept of convective effects. The relative velocity between 3

domains are defined as,

Ny Td) [ A e W T e~ v
0O oY Ao QILO@E wQo w (3-18)
L O Qo aQM Qad € W Q0 w  (3-19)
T Ny r \ T\4 T ooy v N T g v e
w0 VO VO 00 WEELQOOTE W (3-20)

Itis instinctively easy to interpret these mapping functions. Imagine

if we stand on the spatial domain, the referential domain will move

at the mesh velocity, <+ <, and if we stand on the material domain,

the referential domain will move at the convect ive velocity, o <«
The convective velocity, Jllf « is an object velocity relative to the
mesh seen from the spatial domain. Figure 3-13 shows a graphi cal

representation of all relative velocity,
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Initial position

= @ O

—

() =v(t) —w(t)

. Mesh nodes

S Mesh element

Material object

Figure 3-13. Convective velocity representation . At < hboth the
mesh node and the object are in the same position. As time
progresses, the mesh node moves due to the displacement of the
object, but not at the same rate. This gives rises the to convective

velocity variable.

Inthe fluid - structure interaction problem, the material displacement

is solv ed within the solid domain using the Lagrangian coordinate,

while the flow governing equation using the Eulerian coordinate is
solved within the fluid domain. More specifically, the structural
mechanics equation determines the mechanical displacement of th e
spatial coordinate to the material coordinate, meanwhile, the fluid

flow equation determines the flow motion using spatial coordinate.

Hence to couple the two governing equations in two domains, the
boundary condition is applied at the fluid -structure in terface, such
that the movement of the spatial frame (Eulerian system) must

match the mechanical displacement of the spatial frame obtained

from the solid mechanics (Lagrangian system). However, the
deformation vector from the solid domain does not need to be
transferred exactly to the fluid. This is because the orientation of

the nodes and elements in the fluid domain is not critical since all



79

the solution is solved from the fixed frame of Eulerian coordinate.
Moreover, an exact translation of the solid de formation might cause
an inverted mesh near the fluid -structure interface. Therefore, it is
instead adapted and smoothed out over the liquid domain using
smoothing techniques. The smoothing options are very important

affecting how the interface deformation can be easily interpreted. It

should be noticed that even the ALE is best suited for fluid -solid
interaction or any problem that util ises both the Lagrangian  -Eulerian
systems, it is also relevant and applicable to the fluid -only system

with the phase chan ge that occurs at the interface. The interface
displacement due to the material exchange can act similarly to the
displacement from solving solid mechanics. Next, the smoothing
techniques are discussed and finalizing to choose which technique

is the most s uitable for the droplet drying system.

3.1.1.2.  Smoothing techniques

The domain mesh will deform together with the movement of the
fluid -fluid or fluid

consistent deformation, the interface displacement is propagated

-structure interfaces. In order to ensure a

throu ghout the domain by solving the Laplace, Winslow,

Hyperelastic ,or Yeohfs smoothing partial

The expression of these PDEs are shown below with wand wis the

spatial coordinates, @ and ® is the reference coordinates.

1 Laplace smoothing equation s

T T o! T ow
L B B N 3-21
'I"TO'I“TGH ( )
T Tw! T w
I o S 3-22
':"Tc‘J':“Tc‘Jn ( )

di f f e



1 Winslow smoothing equation s

o

—=a

T @

— 3-23
o o ( )
ro 1o Tt (3-24)

1 Hyperelastic smoothing equation S

This smoothing technique is inspired by Neo -Hookean materials

where it solves the mesh deformation by minimizing the energy

equation,
. C I, —
w -0 o -uv p Qw (3-25)
C C
Where * and |l are artificial shear and bulk moduli. The invariants 0
and "‘Oare given as,
L QQoO w (3-26)
O 0 o1 W w (3-27)

1 Yeoh smoothing equation

The Yeoh technique is based on the hyperelastic material. It is a

general version of the Hyperelastic technique which contains the

three -term Yeoh hyperelastic model,

& gé'oo 506 60 o

(3-28)
o p Qw
Where 0 and 0 and O are artificial material properties. 0 and O
are set to 1 and 0, while the 0 value controls the stiffening of the

deformation.
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In general, Laplace smoothing method requires the least
computational power due to its linearity and independenc e between
coordinate directions. The inversion of the mesh elements is likely

to be encounter ed using this method, and therefore is only suitable

for small linear deformations. The other three non -linear smoothing
techniques, on the other hand, couple all the coordinate directions

together which is more expensive to solve. Mathematically, the
solution to these highly non -linear equations requires positive
volume everywhere and hence avoiding the inverted elements. The
Winslow method is best to solve for a stretched mesh because it

allows the furthest stretching. The Hyperelastic and Yeoh methods

share the same theoretical property for compression mesh. The

Yeoh method is more advanced in terms of distributing evenly the

large deformation across the domain by increasing the stiffness o f
the distorted elements. However, it is more likely to cause a
divergence solution because of the strong non -linearity set of
equations. As the droplet drying system is likely to encounter
stretched mesh and linear surface deformation, t he Laplace or
Winslow smoothing techniques are most suited due to the low

computatio nal time and effort.

In summary , the finite element method (FEM) with the Arbitrary
Lagrangian -Eulerian (ALE) interface tracking method are used to
model the droplet drying system. All the governing equations are

turned into weak forms, discret ised using | inear or higher -order
shape functions, and assembled into a final matrix. The whole

matrix was then solved by a specific solver adopting the Backward
Differentiation Formula (BDF) used as the time -stepping scheme.
The deformation of the mesh at the fluid -solid interface is
propagated to all other elements. The mesh deformation within the

fluid domain is smoothed out using the smoothing functions (Laplace

or Winslow algorithms)
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3.2. Theoryo fRIagfrand RIft¥r on an object

An introduction to the theory of drag and lift is presented here as

background knowledge for the next section in the validation
benchmarks. When a flow pas  ses an object, such as a sphere, it

exerts a force onto the surface. The force can be decomposed into

the RLiftf¥ and RDragf components that ar
to the flow direction, respectively. When the flow approaches the

sphere, the velocity field changes as the fluid curves around the

sphere,asshownin Figure 3-14.The vortex shedding might develop

in the wake at a high Reynolds number (Kaneko etal. ,2014) .

o

P upstream
——
- . Drag
ﬁ
—_—
P downstream
Tw

Figure 3-14. lllustration of fluid flow passing through a solid sphere

Mathematically, the relative velocity is more important in this

system rather than the individual velocity profile of the sphere or

the fluid. Therefore, it is often more convenient to have a frame of
reference on the sphere while the fluid is flowing past it. The drag
and lift forces arise due to the pressure and viscous stresses acting

on the surface of a sphere. The pressure acts perpendicular to the

surface and will be higher on the upstream due to the nature of the

flow, hence creating an overall force acting in the flow direction. The

viscous stress acts tangentially along the solid surface as the flow

curves around to past the sphere. The drag resulted from the

pressure and viscous stresses are called the Rf or m dr ather and

Rfriction dr alg fhe parades qoreportent (x -component



83

in this case) of total forces forms the Rilrag ¥ and the perpendicular
component (y -component)formsthe  Hift ¥ on the body. The drag and

lift depend heavily on the morphology of an object and Reynolds
number, and it is normally referred to under the form of the drag

and lift coefficients. The two coefficients are formulated by dividing
the correspondent forces by the projected area of the body onto the

plane per pendi cul ar to the fl owfrs direction

. ¢O
0] T -
NG (3-29)
. ¢O
0] T -
TG (3-30)
Where "O and "O are the drag and lift force on the body, 0 is
the projected area of the body to the perpendicular plane to the
flow, U is the relative velocity between fluid and a considered body,
" is the fluid density.
3.3. Development of proportional -integral -
derivative (PID) feedback loop for predicting the
terminal falling velocity
The lack of investigation on the physics of a falling droplet
mentioned in the conclusion section (section 2.2) on page 56 is
mentioned again  to clarify the purpose of this section. In the

experimental studieso  fthe single droplet drying, the dropletis hung

on a filament subjecting to a constant velocity of a hot gas stream.

Although this is a stable and controllable environment, the
experiment does not represent fully the drying condition the
droplets encounte red within the spray dryer. Theoretically, the
droplet would reach its terminal velocity after leaving the atom iser.
This terminal falling velocity would changes as drying progresses

due to the change in the droplet size. Overall, the droplet would fall
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with a dynamic terminal velocity which is challenging and not
practical to recreate under the laboratory environment. This area is
left untouched and t  he published work that considered this physics
is extremely scarce despite the importance of the phenomenon .
Therefore, th is thesis develops an innovative simulation scheme that
can capture thedropletdr ying while falling with a changing terminal
velocity in the air . This section discusses the development of the
feedback algorithm which is designed to control the terminal falling
velocity of a droplet. The chosen feedback algorithm is the
proportional -integral -derivative (PID)loop  that is commonly used in
chemical process control.  One of th e reason s for the implementation

of PID is due to the mesh deform ing nature of the ALE method.
Particularly, the ALE method ensures an accurate interface capturing

with its mesh being deformed together with the interface. Despite

the advantage over other interface tracking methods, it poses a

problem of not being able to have zero volume or the mesh cannot
be Rtornyf, which means the ALE method
Rmovingf interface¢r without breaking up

facet. This is challeng ing in terms of modeling a falling cylinder or
droplet in an infinite ai r channel, since the periodic boundary
condition cannot be applied. The only viable solution is to design a
domain that is long enough to accommodate the whole drying
process. This will likely cause the channel to be unrealistically long

and require huge ¢ omputational resources to solve for unnecessary
domain elements. Therefore, a proportional -integral -derivative
(PID) control algorithm is needed to preventthe object from leaving

its original position while still preserving the physics of falling.

The PID control algorithm includes the variables to be controlled and
the condition to which the controlled variables will be adjusted to

satisfy such conditions. Many variables can be controlled to achieve

this terminal falling velocity goal, for example, the inlet velocity,

gravity or the outlet pressure. Since the constraint is to have no
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displacement of the droplet from its initial position, the con dition

can be set on the following variable,

Yo T (3-31)
YW m (3-32)
, s (3-33)

Where wi s an object s vdiiss ptlhaec eoarejnetc,t ¥ s vel

is the total stress acting on the surface of the falling object in

the direction of the airflow. All three constraints can be visual ised in
Figure 3-15.

Inlet Slip boundary

Xset Vet

—

— Water Outlet
— Jset\> droplet

Uctr| Slip boundary

Figure 3-15. Constraints for PID algorithms .

The constraint on an objectfrs idthispl acer
context since it is directly linked to the goal (zero droplet
displacement) set by PID. However, given the fact that the falling

object will surely slip from its original position in the first few time

steps when the control variable is varying and trying to approach its
equilibrium v alue, the control variable might keep adjusting
unnecessarily to push the droplet back to the initial position, rather

than keeping the new equilibrium position. The PID algorithm is set

up using the displacement constraint first, and in case the PID
perfo rmance is not adequate, the two other constraints will be
considered. The inlet air velocity is , hence, chosen as a controlled

variable in this study.
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3.3.1. Problem formulation and setup

The simulation setup involves a falling circular cylinder in the air at
room temperature (25 °C) and atmospheric pressure (1 atm), as

shown in Figure 3-16,

slip wall A
—_—
—p
No-slip condition 3
0
Inlet Outlet 8
=
P =Po 3
Ucontrolled ty
gravi
I g = 9.81m/s? >
slip wall v
20000 um

Figure 3-16. Schematic of simulation setup for testing the PID algorithm .
The domain includes the inlet (left), the outlet (right), with the 06sl
condition at two side walls and the 6n-sl i p6 contlh@a ti on
cylinder interface. The air is introduced at the inlet and exit s the
domain through the outlet. The gravity is in a horizontal direction.

The domain length and height are 20000 H Oand 10000 H .

The gravity set in the x -direct ion is opposite to the direction of the

inlet velocity. The wall is set to the Rsl i pfr condition to h
profile at the two side walls ,and ths|lRmaea condition is
the cylinder surface. The cylinder radius is varied from 20 “ Ato 300

* & and the air channel is 20,000 “ @in length and 10,000 ‘ d&in
height. The cylinder density is chosen to be p Tt QTR which is
similar to the water droplet. The reason to choose this density is to
have a more convenient transition from falling of the solid cylinder

to the falling of a water droplet in a later stage . The Reynolds
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number in this study will cover the range in which both the stable
wake and the vortex shedding in the wake are observed.
3.3.2. Governing equation s and boundary conditions
The main governing equation solved for in the model is the general

Navier - Stokes equation in the form of,

— 7 ® T 0t ®EANi WaiE RO (3-34)

—a
O-
Fa)

= T8 6 8RO 6 6 2 & O(3-35)

Where ” is the density, ¢ is the velocity field, 1 is the pressure, is
the dynamic viscosity and 3 is the volume force which is gravity in

this setup. The Rmopr and Rslipfr conditions ar
68 m Yadgi QQo Q¢ ¢ (3-36)
6 1 Oé& adfE QQOoNE (3-37)
The boundary conditions at the inlet and outlet are,
6 6 hm @1 Q4 £QLOaAE O (3-38)
f p Tt p olCG (3-39)

And the PID algorithm is,

0 (3-40)

Here, the 0O (m/s) is the control velocity at the inlet, Q (sY)is
the proportional gain, "Q (s-2)is the integral gain, "Q is the derivative
gain and  is the displacement in the x -direction of the poi nt
originallyat ¢ h coordinate (referred to @i Qo Figure 3-15).
Initially, the  "Q and "Q are set to 0. The theoretical terminal falling

velocity of a sphere is calculated to have a rough estimation o f

tuning the "Q gain. The idea is to consider the worst case scenario
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where the sphere slips a large distance from its initial position at the

first few timestep s. And from that large distance slip, 'Q can be
tuned to prevent this scenario from happening. The force balance
for the derivation of the falling velocity is expressed as,

O O O (3-41)
Where O , O and O are respectively the gravitational

force, the drag force on the cylinder and the buoyancy force.

Considering the cylinder dimension, the formula for these forces are,

O a"Q ol 0 "Q (3-42)
O " o} 0 Q (3-43)
O EO V] o] (3-44)

Rearranging equation  (3-41), (3-42), (3-43) and (3-44) gives,

. cO 0 QY
0 . - (3-45)

This terminal velocity is derived from the force balance between 3
forces acting on a spherical object: gravity, drag and buoyancy

force s. There was a numerical study on the settling velocity of the
cylindrical particles from Gabitto and Tsouris  (2008) , which can be
referred to have insights into the terminal velocity of a solid object.

The drag coefficient, O ,is taken generallyas  0.47 for a sphere, the

,is p T QT and the air density is  p& UQTH

solid density,
In this preliminary study, the surface tension was not considered
and the simulated terminal velocity is expected to be different from

the theoretical terminal velocity value. It is worth mentioning that

the calculated value of  the terminal velocity only serves as an initial

rough guess onthe  "Q gain and this willno  t affect the validity of the
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results. The initial Q was set to p p 1i and tuned down down

to T® p Ti accordingly to how fast the falling sphere becomes
stable, which is indicated by how fast the control velocity, o
converges or starts  to oscillate around a fixed value. The control
velocity profiles for each case are plotted in Figure 3-17.
[
6 1
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9 5 EEErwmEE
£ ] Re=68
2 4]
.g ]
3 31 Re=39
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< i
£ 2]
= Re=10
k2
1 Re=1.5
OIllllllllllllllllllllllllllllllllllllllll
0 5 10 15 20
Time (ms)
| —r=300um  —r=200um —r=100um !
E —r =50 um r=20 um :

Figure 3-17. Terminal velocity of different cylinder sizes free falling air.
The Reynolds number is provided for each terminal velocity value.
The cylinder size ranges from H O (grey line) to H O (black

line). The time i nterval is 20 ms.

At the radius of 300 ‘ @ the formation of Karmen vortex (M.
Horowitz, 1989) street inthe wake is shown through the oscillation

in the controlled velocity due to the fluctuation of the stress on the

surface (refer to Re=217 line in Figure 3-17). The PID co ntrol loop
has reached a terminal velocity after around 8 A i. The wake profiles
for each cylinder radius are plotted together at O p uxiin Figure

3-18.
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Velocity m/s

0.5

P N W e 00 6

Figure 3-18. Velocity contour of the wake in the flow past the cylinder
(black circle) at different radii. The white number in each domain
represents the radius of the cylinder in such domain, the velocity
scale is colour -coded and the air flow is from right to left

bo undaries.
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3.4. Study of flow past the fixed and falling

cylinders

This section investigates the flow past a cylinder and spherical

object , and performs validation and verification benchmarks on the
chosen system. The purpose is to study the performance and the
accuracy of the FEM method , and to investigate the governing
equations to gain adegree of confidence that the framework can be

used to s tudy the droplet drying system later .
3.4.1. Drag and lift validation
3.4.1.1. Fixed cylinder

A numerical study of flow past a cylinder was performed. Th is aims
to study the wake profile of a cylinder , and test the capability of a
developed PID control algorithm on maintaining the stability of the

system. Providing the main system of interest is a falling spherical
droplet, this study helps to gain an understanding of the flow around

a circular domain witho  utthe need of large computational resources
of setting up a full 3D sphere. The experimental flow patterns
through a body with different shapes can be found in the literature
(van Dyke and White, 1982) . According to the  published work, the
flow is completely symmetric and fully attached to the cylinder at

YQ p. At p YQ v, the wake profile is stretched along the flow
direction but the symmetry of the flow is still maintained. The flow

starts to separate from the cylinder surfac e at 'YQ v and forms
small eddies behind the cylinder. The eddies size increases steadily

along with increasing Reynolds number up to the limit of YQ 11
The Karmen vortex street appears and induces an oscillation on the
cylinder body. In this study, Reynolds number of the system is
purposely chosento be  around 200 , in order to test the PID control

loop on damping the cylinder oscillation.
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First, a fixed cylinder is considered and the drag coefficient on the

cylinder body is validated against the litera ture data. It also justifies

the validity of the critical Reynolds number at which a flow

separation or Karmen vortex street appears. A fixed circular cylinder

is set within an air channel with an inlet, outlet, and two side walls

shown in Figure 3-19. The diameter of a cylinder is @ TLat ¢ the

width and height of the channel are 20 a & by 10 & a. An inlet

velocity is set at T8 @ Ti to have a Reynold s number of ¢ Tt.7The

outlet is set at atmospheric pressure and a Rslipf condition
the two side walls. This implies no viscous effect on the two side

walls so no boundary layers can develop .

slip wall A

No-slip condition 3
Q
Inlet = 4.92 m/s Outlet 8
(Re=200) — P = D, E
600 um
—
—
slip wall v
20000 um

Figure 3-19. Schematic setup for simulation of flow past the fixed
cylinder . The solid domain (blue) is 600 H O in diameter and the

inler velocity is set at 4.92 m/s
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3.4.1.1.1. Governing equations

The governing equation is the incompressible Navier - Stokes
equation for the isothermal system (refer to equation s (3-34) and
(3-35)).

3.4.1.1.2. Boundary conditions

The slip condition is applied to the side walls to prevent the
development of boundary layers (refer to equation (3-36)). Ano-
slip condition is applied to the cylinder interface (refer to equation

(3-37)).

All the material properties will be evaluated at the set reference

temperature ( Y ) and pressure ( | ), and the flow is

incompressible. The whole set of differential equations is solved

using the Finite Element Method (FEM) and the time -stepping
scheme is the Backward Differentiation Formula (BDF). The mesh
element is a free triangular shape with boundary layers added to

the cylinder surface. As shown in Figure 3-20, the mesh is denser
around the cylinder interface for resolving the high gradients of the

velocity and pressure field s. Extra three layers are added to
separate the domain into 6 sections for a more efficient mes hing
process. The mesh consists of chp v mlements and X p boundaries.
The cylinder domain is empty and no interior mesh is produced. This

method is preferred over the option of having to assign a solid
material to the cylinder. Not having a domain assigned to the
cylinder space consequently prevents the rotation of the cylinder

due to the non -symmetrical meshing even though the cylinder is

placed exactly in the middle of a rectangular domain.
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Figure 3-20. Mesh detalils for the flow past a fixed cylinder of HOin
radius. The domain is divided into regions for better meshing. The

mesh is denser around the cylinder and coarse at far -field.

The Karmen vortex street is expected within the flow field behind
the cylinder shown in Figure 3-21. This phenomenon is also
observed in the simulation work in the literature (Rajani,

Kandasamy and Majumdar, 2009)
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Figure 3-21. 2D contour plot with velocity streamlines (black line) and
vector field (black arrows). The vortex shedding is observed. The

cylinder is represented by the white circle.
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Reference Drag coefficients
Computed value (at ' YQ ¢ mTT 1.3308
Park and Choi (1998) 1.32
J. R. M eneghini and F. S altara (2001) 1.33
Ploumhans etal. (2002) 1.37
Williamson (1996) 1.33
Table 3-1. Validation for computed Fm against referential simulation

value sin the literature.

The computed drag coefficient is validated , with an averaged
difference of p&® T Pagainst the referential values in the literature.
The sy stem of droplet drying undoubtedly involves more physics

than the current study, this validation however confirms the
feasibility and capability of the finite element method and the
current mesh configuration to solve the well -posed problem with
high accur acy. Moreover, it provides a good benchmark case to

develop further.
3.4.1.2.  Falling cylinder at terminal velocity

Next, a falling cylinder with terminal velocity is studied and
compared with the previous fixed cylinder case. The exact system
is recreated except the cylinder is now falling under gravity, as

presented in  Figure 3-22.
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Figure 3-22. Simulation schematic for a falling cylinder of HOi

radius. A similar simulation setup to the case of  the fixed cylinder

(section 3.4.1.1), however, gravity is turned on in this case

3.4.1.2.1. Governing equations

The same governing equation for f

case is applied. Since the droplet is falling through the air along the

gravity direction,  and no shrinking is involved, the falling velocity of

the cylinder can be calculated by solving th

equation from the force balanc

0

€,

a"Q

¥

Where @ is the mass of the cylinder,

is the cylinder displacement,

W is the acceleration rate and

e ordinary differential

Lo s QU (3-46)
an a —. -
Qo0

Q0
ik 3-47
Q0o (3-47)

"Qis the gravitational force,

U is the falling velocity of the cylinder,

0

is the total stress exerted on

the cylinder rthe fluid.rThea ol stiegs at the interface

is expressed in the incompressible and compressible flow,

0

ui

d

f
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o & RO 6 6 2 @0
o (3-48)
6¢ani QIaxada 0
0 ¢ A0 6 6
(3-49)

08 Q&GN WaiE oo 'Q
Here, the PID algorithm is developed to control the inlet velocity in
order to have the cylinder falling at terminal velocity. The aim is to
keep the droplet in the stationary frame respective to the flowing

fluid. The inlet velocity will be adjusted depending on the

displacement of the cylinder.

3.4.1.2.2. Boundary conditions
The movement of the interface between immiscible fluids are
resolved by a set of equations that relates the fluid flow and the

mesh velocity,

6 o 2 Py (3-50)
E8 €8 Q (3-51)

, A

0 og& — ¢ (3-52)

Where ¢ R are the fluid velocities on the two sides of the interface,

0 is the mesh velocity at th e interface, = is the normal vector
of the interface (pointing from the higher -numbered domain to
lower -numbered domain), 1 and T are the total stress tensor of the
two domains 1 and 2 respectively , Q is force per unit area due to
the surface tension (tangential component), 0 is the mass flux

across the interface.
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Hence, al |l the nodes and edges around

given the mesh velocity, o , Which is calculated as above. There

is no mass transfer across the interface so the velocity on both sides

of the cylinder equals in this case: % Y % . The stress
balances are evaluated on the cylinder surface to obtain the total

stress 'O and the falling velocity is calculated as a result. It is
important to compare the controlled velocity and the theoretical
terminal velocity for the validity of the PID. As seen from the
equation (3-45), all the variables can be easily evaluated at the
current system condition except the drag coefficient - 0 . There are
many published empirical formulas for estimating the drag
coefficient at sp ecific ranges of Reynolds numbers (Imron et al. ,
2018) . The literature review in the area of the drag co efficient can
be found in the paper from Goossens (2019). The drag on the
cylinder decreases non -linearly with decreasing Reynolds number
due to complicated vortices patterns formed behind an object, which

is shown in the well -known graphin Figure 3-23.
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Reynolds number, Ud/v

Figure 3-23. Experimental data for the drag coefficient on a circular
cylinder (Anderson Jr, 2010) . The Reynolds number range covers

from 0.1 to 10 5.

t
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The drag decreases steadily until the range of CTMTMTNYQ CTMMNTT
and drops significantly in an area called the Rdrag <crisi s¥f.
turbulence flow behind an object reduces the pressure difference
between the upstream and downstream through vortices. Due to
this non -linearity relationship, it is often challenging to calculate the
drag coefficient analytical ly. A num erical study (Guo, Lin and Nie,
2011) for the empirical correlation of the drag coefficient on the
cylinder was carried out , however it only  covers the range up to
Y'Q p 1.1The flow around the cylinder using numerical methods
was also studied and validated from Bar acu and B208heagu
There are many formulae for drag coefficients on a cylinder and the
three following are often used according to the review paper (Baracu
and BoSneagu, 2019)
6 - [ aowua & a(3-53)
(Wieselberg, 1922)

6 YW p MYSKNEE Tt YQ 1 T (3-54)
(Clift etal. ,1978)

o 8 o ~
0 — PP X YQ ommnmn
n (3-55)
(Munson etal. , 1990)
The correlations from  Clift etal. (1978) , Munson etal. (1990) and
Wieselberg (1922) were plotted by B o Sn e a20W9) against the

experimental data for comparison in Figure 3-24,
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, Drag coefficient of the flow around cylinder
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Figure 3-24. Comparison of drag coefficients on cross  -flow circular
cylinder between experimental data and empirical formulas from

Wieselberg (1922), Clift etal. (1978) and Munson etal. (1990).

A summary of the physical properties of materials use in the study
arein Table 3-2.

Physical properties Value (units)
Air density 1.225 (m/s)
Air dynamic viscosity 1.81e -5 [kg/(m.s)]
Solid density 1000 (kg/m 3)

Table 3-2. Physical properties used in the simulation of the flow past a

cylinder system

The drag coefficient cannot be determined explicitly since it is a
function of the Reynolds number which is needed for a terminal
velocity equation. Hence, it requires an iteration procedure to obtain

the converged values of both the drag coefficient and Reynolds
number. The correlation used to calculate the drag coefficient is

chosen to be from Munson etal. (1990 ) due to its wide range of Re

validity. It should be noticed that t his correlation is valid only if the
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boundary layers flow on the cylinder is laminar, w hich means the
Reynolds number range of below 30,000 for a smooth cylinder. The
iterations for the drag coefficient correlation from Clift etal. (1978)

and Munson et al. (1990 ) formula can be found in section A.l in
Appendix A. Since the drag coefficient in the previous validation of

flow past a fixed sphere was done at Y'Q ¢ m,7it is necessary to
keep the consistency to this simulation . The simulation will also run
with and without adaptive -mesh -refinement (AMR) to test the m esh
independenc e of the results. The mesh details in the two cases are
illustrated in ~ Figure 3-25. A similar simulation study to the current
system was also carried out from M. Horowitz (1989) . A cylinder
with the same dimensions to the previous case is set up . All the
governing equations  and boundary conditions applied are the same
as previous, as shown previously in Figure 3-22.
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Figure 3-25. Example of meshing details during simulation of (a) non -
adaptive mesh refinement and (b) Adaptive mesh refinement
technique. The domain is divided into 6 small parts for a better
meshing process. The refine d mesh is concen trated around the

cylinder and the wake area where the fluid flow happens.
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Inthe ARM algorithm,t  he triangular element will be divided into two

smaller eleme nts whenever the numerical error exceeds the

tolerance criteria. The non -AMR and AMR meshes have 1 2859
elements and 36116 elements with a simulation time of 12 minutes

and 52 minutes, respectively. The falling velocity of the two cases

is plotted in Figure 3-26.
7 7
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Figure 3-26. Velocity profile of a falling cylinder ( H O in radius)

simulated with non -AMR (blue line) and AMR( red line) meshing

technique. The studied time interval is 20 ms.

The two velocity plots show different profiles in which an AMR -mesh

cylinder takes longer to reach a steady state. However, both cases

yield a similar terminal velocity of a circular

cylinder asin Table 3-3.

Non-ARM AMR mesh Difference Reynolds
mesh (%) number
Terminal
velocity 5.3578 5.3108 0.8771 216
(m/s)

Table 3-3. Comparison of the

cylinder (

terminal falling velocity of a circular

H O in radius) with and without AMR
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Given a small increase in accuracy and a huge spike in
computational time, the AMR algorithm has been shown to not be

effective in this scenario . This result is compared against the

terminal falling velocity obtained previously by iteration (refer to
Appen dix A).

1 |

E Correlated velocity [m/s]i Correlated velocity [m/s]

; Clift (1978)! Munsen (2006)

4.869

Computed velocity

Difference (%)

e

Table 3-4. Verification of terminal velocity against experimental

correlation in the literature.

The Reynold s number of the computed system is 216 (refer to Table
3-3). Theoretically, t he literature value of the drag coefficient on

this falling cylinder is expected to be around 1.41 (according to

Figure 3-24). The computed drag and lift coefficients are plotted in

Figure 3-27 and averaged in Table 3-5. The simulation agrees
closely with the correlation obtained from the literature, with an

error of o®d b

Average drag coefficient Average lift coefficient
Re=216 1.36

(compared to the 1.41 0

value from the literature)

Table 3-5. Average drag and lift on the cylinder obtained from the

simulation of the flow past a cylinder
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Figure 3-27. Drag and lift profiles on the cylinder. The drag is plotted in

. 4

the solid line and the lift in the dotted line. The period is

of the wake is also traced. The angle of separation 5

The behavior

-28at0 ™A .

shown in Figure 3

Figure 3-28. Vector field (red arrows) and streamlines (blue lines) plot of

velocity around the cylinder (black circle). The angle of flow

separation is at 115 ©. The air flows from left to right in the domain.

0O ™A iand

The adverse pressure gradient area forms at around

© starting from the stagnation point on the cylinder

atan angle of 115

(Figure 3-28). The vortices begin to appear in an elliptical region as

shown in the wake (blue lines). The velocity is zero at the stagnation

point and it is easily noticeable that the flow is attached fully to the
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surface up until the separation point. The length of the arrow vectors

is proportional to its magnitude and the streamlines are plotted

around the cylinder. According to Berno
inversely proportional to pressure which explains the detachment

from the surface as the velocity gets sign ificantly small reaching the

midpoints. This is due to the reduction in pressure gradient and the

viscous effect of the flow so that the air can no longer travel along

with the cylinderf¥s interface. The wvelo
the vortex region kee  ps a consistent magnitude as well as direction.

The velocity profile is plotted with streamlines around the cylinder

in Figure 3-29. The vortex shedding  starts to develop at Q& i and

reach steady state at after p A i.

Velocity (m/s)

Figure 3-29. The velocity in the wake region of the flow past the
cylinder. The time interval ranges from 1 ms to 19 ms. The velocity
vector field (black arrows)  and streamlines (black line) are plotted

together with the  colour -coded plot of the velocity magnitude.
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The pressure field around the cylinder is also plotted in Figure 3-30.
The pressure is highest at the stagnatio

and remains high along the surface up until the separation point.

—— e e —

W Pressure (Pa)
10

Pressure (Pa)
-20.97 -15.26 -9.54 -3.83 1.89 7.6 13.32

Figure 3-30. Pressure field around the cylinder over time. The
magnitude of pressure and the streamlines are colour -coded. The

time interval is from 1ms to 19 ms.

3.4.1.3. Comparison of the flow past fixed and falling

cylinders
An extra domain with a fixed cylinder iIs added bel ow the falling
cylinderfs domain in the foll owiguieg si mu

3-31. The inlet velocity for both domains will be the PID controlled

velocity based on the falling rate of a free -fall cylinder. All wall
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conditions are set to slip -wall and the outlet is at atmospheric
pressure. This study will exhibit a difference in the velocity field, the

drag and lift coefficients between the fixedandf alling cylinders. The
simulation domain is split into 6 smaller sections for a better

meshing process and to reduce the computational efforts

AVAVAVAVAVAVS

Figure 3-31. Mesh configuration for fixed and falling cylinders. The
domain is divided into 6 sections for a better meshing process. The
mesh area near the flow inlet is coarse and the fine mesh is kept
around the cylinder and along the wake where the complicated

flow profiles appear.

It is interesting to stu  dy the difference of the drag coefficients on
the cylinder s, in which the inlet velocity is set both to PID controlled
and a fixed value. This will be done in the current simulation set up.
First, the inlet velocity to both domains is controlled by the PID
algorithm, which is based on the falling cylinder, and then set to a

fixed velocity once the PID reached a steady - state value.
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Figure 3-32. The inlet velocity profile transitioning from controlled
velocity to fixed velocity. The PID loop is applied to the inlet
velocity at <« O vand a fixed inlet velocity of 8 O7FvVis

applied at « A 4

The drag and lift coefficients on both cylinders are shown in Figure
3-33 and Figure 3-34. Thedataupto O ¢ i was not plotted due
to the spike in value , which will prevent the oscillation scale from

being observable.



109

15 - - 6.5

" “‘m,','ﬂ,',‘,",‘,‘,‘,‘,‘,‘,‘,‘,‘"‘,",“(”,‘,“(‘,‘,',“,‘\nfmmnnwuwumHu\mmuummu 6

1.2 1 f

1.1 - E—Free-falling cylinder
. | EFixed cylinder 45

1~ i —— Control falling velocity! |

____________________________

0.9 —H—+—+—+— AP - 4

Drag coefficients
Control velocity (m/s)

Time (ms)
Figure 3-33. Drag coefficients on a free -falling cylinder and fixed

cylinder at two different velocity profiles at the inlet
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Figure 3-34. Lift coefficients on the free -falling cylinder and fixed

cylinder at two different velocity profiles at the inlet

This PID system , which is the same as  the PID developed in section
3.3, isdesigned to react to the displacement of the cylinder and only
includes the proportional parameter hence the oscillation of drag
coefficients in  Figure 3-33.At 0 ¢ Tu i, the peak value of the drag

coefficient on the fixed cylinder is p® X weompared to the value of
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p® Y Tfar the falling cylinder, and at O ¢ Tu i,the peakvaluesare
p® Y 1and p® X Yfar the fixed and falling cylinders respectiv ely. It
is noticed that the drag coefficient on the fixed cylinder is now more

than that of the falling cylinder after O ¢ T i, whichis the opposite
towhen O (¢ T i. The two drag coefficients are very similar once

the coming air flow is fixed to the mean value calculated from its
previous oscillation period. This indicates an apparent effect of the

inlet velocity on the drag force. Despite the distinct difference when
comparing the drag coefficients on the two cylinders before and

after 0 ¢ 1 i, th e magnitude of the drag coefficient on the two
cylinders is not much different from each other. The results o f the
drag coefficients study imply that a freefalling object system can be
replaced and represented by fixing an ob
incomi ng air velocity i s equal t o t he
freefalling case . This is a useful study outcome as the freefalling
object is less convenient to investigate both numerically and
experimentally, comparing to the fixed object. It is importantt o
interpret the purpose of setting up different velocity scenarios
between O ¢ miand 0 ¢ mi (Figure 3-33). In the SDD
experiment, a fixed airflow is introduced towards a fixed droplet on

a filament to study the drying kinetics of a freefalling droplet within

the spray dryer. Hence, it is preferre d to confirm the accuracy of the
SDD experiment on mimicking the falling droplet by a fixed droplet

system, which is proven to be valid by this study outcome. In the

first PID controlled -velocity scenarioat O ¢ T i, the interpretation

is that the falli ng velocity of the falling object is projected onto a

fixed object showing how good the PID loop in controlling the drag
oscillation. In the second fixed  -velocity scenario (0 ¢ T i, the
fixed inletflowat O ¢ T i and the similar drag coefficients o n two

cylinders justifies the practicality of having a fixed airflow in the SDD

experiment.
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The following section is the investigation o f the cause of the
difference in the drag coefficients on the two cylinders. The drag

force on a body comprises of two components: pressure force and
viscous stress. Since  Reynolds number is at a laminar flow range,
the pressure on the cylinder surface is expected to dominate the

effect. Figure 3-35 plots the pressure and viscous stress of airflow

on the upper half of the cylinder surface at 0
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Figure 3-35. Comparison between the local viscous stress and pressure

along the upper half of the cylinder surface

The graph was purposely plotted at a time right before and after the

velocity transitioning time to illustrate the diff erence in local stress
on the cylinder surface. Figure 3-35 showed an insignificant
contribution of the viscous stress (dotted lines) to the total stres s

comparing to the pressure force (solid lines) . The shear stress also
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does not vary much during the falling of the cylinder, with its
absolute peak value at around 6 Pa happened close to the separation

point. Therefore, t he pressure is predicted as the ma in contribution
to the drag force on the cylinder. However, the drag on an object at

this range of Reynolds number also depends on the pressure profile

in the wake. When the flow starts to detach from the cylinder
surface, itcreatesalow -pressure areain the wake which contributes

to the total drag due to the pressure gradient. The angle of
separation is ther efore critical since it determines the size of the

low -pressure zone. The position of the eddies after each vortex
shedding also affects the size of this zone. It is necessary to
investigate the velocity and pressure profile at a specific point in

time, wh en the drag coefficient reaches the highest and lowest for

both the free -fall and fixed cylinders. Table 3-6 presents the sample

points for this study

Time
Fixed cylinder Free fall cylinder
Highest O p®WTGi O p B Ui
Drag coefficient
Lowest O pyTMI O p®aAi

Table 3-6. The time step for the h ighest and lowest drag coefficients on

both cylinders during the simulation .
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Fixed cylinder Free fall cylinder

Highest

t=14.78 ms

Lowest

Figure 3-36. 2D pressure plots and velocity streamlines (white lines) for
the falling and fixed cylinders (white circles). The cylinder surface
is shown in the yellow line and the angle of separation is provided

for each plot.

Next, the velocity streamlines and pressure contours are plotted in
Figure 3-36. The angle of separation is shown to not correlate with
the drag coefficients and cannot be used as an indicator for
predicting such variables. This is mainly due to the complicated
vortex shedding process once the flow detached from the surface.
It is however noticeable that the highest drag always happens with

large eddies and when the vortices are in the middle of the shedding
process. Similarly, the drag is minimal when the wake is near
completion of shedding. T  his can be explained by examining and
comparing the measure of flow detachment in the wake area in the
highest and lowest drag cases. The flow is significantly detached
from the cylinder¥s surface when a | arg
wake, which also the ¢ ase of the highest drag. On the other hand,
the small vortex in the low drag case implies a lower degree of flow

detachment meaning a lower pressure droplet in the wake. The
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insignificant difference between the two cylinders in the drag and

lift coefficients test cases confirmed the validity of representing the

falling droplet within the spray dryer with a droplet hanging
technique. However, in the case of the liquid droplet, the effect on
the internal flow and temperature distribution might be non -

negligible which will be discussed later .
3.4.2. Heat and mass transfer coefficient s validation

The simulation system, which is similar to the previous section, is

set up in the 2D axis  -sym metric plane. In this study, the validation

tests for the heat and mass transfer coefficient s of the flow past the
sphere were carried out. The correlation (Ranz & Marshall , 1952)
used to validate the heat and mass transfer coefficients are

expressed as,
.. Q0 T
Uo ol ¢ TYQUI (3-56)
Q0

O

¢ TYQYD (3-57)
Where Nu is the Nusselt number, Sh is the Sherwood number, Re is

Reynolds number, Sc is the Schmidt number and Pr is the Prandtl

number, all of which are dimensionless. Th e sketch of the system
setup is shown in  Figure 3-37. The sphere radiusis UL T0 @ and the
channel dimensionis ¢ Tt TOTHIN heightand L TT @t &in width. The air

is incompressible and the wall is at

(3-37)).

Rs |
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Figure 3-37. Boundary conditions for flow past a fixed sphere simulation.
The air flow is introduced by the inlet (lower boundary) and exit at
the outlet (upper boundary). The wall (right boundary) is to slip
condition. The channel is ¢ Oin height and ¢ Oin width.

3.4.2.1. Governing physics and equations

3.4.2.1.1. Fluid flow

The governing equation is the general form of the isothermal Navier

Stokes equation (refer to equation (3-34)).

3.4.2.1.2. Moisture transport in air

The diffusion of vapor in the air is governed by the equation,

T (I) 5 o T
o D0 w 00w ™ (3-58)
Where A is the concentration of it species, ¢ is the velocity field,

O s the diffusion of vapour in the air.



116

3.4.2.1.3. Heat transfer in fluid

vy ) )
"0 Tr_b 60 Y 8Q Y R ¢ t 0 (3-59)

Where "Yis the temperature, 1 isthe pressure, 0 is the specific heat

~

capacity, ¢ is the velocity, 1 is the viscous stress tensor, L is a

source term

3.4.2.1.4. Boundary condition s

In this study, the h  eat and mass fluxes are applied at the surface to
compute the heat and mass transfer coefficients. The aim is to test

the accuracy of the simulation setup against the analytical solution.
The outcome of this study will provide confidence in the chosen
governing equations, boundary conditions and the FEM method.
Consequently, it ensures the drying model, which will be developed

at a later stage, is based on a valid mathematical framework.

A Rsbipfr condition ((B-8f)eirs tsoete gautattihoen s p
interface. The inlet velocity boundary (refer to Figure 3-7)is setto
be 0.237 m/s which is the analytical solution of the terminal velocity

for a falling sphere. There are two viable options for cho osing the
boundary condition at the sphere interface: the Dirichlet boundary
condition, in which a value is specified, and the Neuman boundary
condition, in which the flux is applied. Since the flux is the quantity

of interest used to calculate the heat or mass transfer coefficient, a
Neuman condition is employed for a more convenient calculation. It

should be noted that the Dirichlet boundary condition will also give

the same answer to the Neuman condition in the same simulation

setup , assuming the meshin  dependenc e is reached.

3.4.2.1.4.1. Sherwood validation case
A constant mass flux of pacela i is applied at the

surface in the Sherwood cases. The initial concentration of species

in the airis T € XA i i.The airdensityis p& UQTH . The mesh
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configuration obtained during simulation based on the adaptive

mesh refinement (AMR) is shownin Figure 3-38.

A
\ZIX

Adaptive mesh
refinement used to

N
N
54

=

obtain optimum N
s N
grid size \>
Mesh configuration Level O Level 2

Figure 3-38. Mesh configurations during the simulation. The m  esh
refinement was adjusted based on the adaptive mesh refinement
to have the optimal mesh. The initial mesh size was uniform
everywhere in the domain. The mesh along the flow in the wake
of the sphere is much more refined than the area in front of the

sphere.

3.4.2.1.4.2. Nusselt validation case

A constant heat flux of pmmwit is applied at the sphere
interface. The inlet air velocity is set at T® o § Ai. The initial air
temperature isat ¢ w@ W and the air densityisat ~ p& UQTH . The
adjustment of the mesh refinement based on the adaptive mesh

refinement algorithm is shown in Figure 3-39.
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Adaptive mesh
refinement used to

obtain optimum
grid size
r=0 r=0
Mesh configuration Level O Level 1

Figure 3-39. Mesh configurations during the simulation in the Nusselt
number validation. The system starts with extremely fine mesh. The
adaptive mesh refinement  (AMR) algorithm relaxes the mesh in
front of the sphere and keep s the refinement in the wake where

the flow happens.
3.4.2.2. Sherwood number validation

The adaptive mesh refinement algorithm is adopted for a more

efficient meshing process. For the inlet flow at ] o & Ji, the
Reynolds and Schmidt numbers are shown in the foll owing
equations. The difference between the correlat ed and simulat ed

mass transfer coefficient value s is p Tt P Theoretically, the error is

expected to decrease at a much -refined mesh and a higher order of

interpolation function.

" YO p® cUT® 0XCZUL @
YQ — - nt (3-60)
o0& p @ P%

T pg {2
YW — ™ 3-61
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"YQ ¢ T™YQY®H c®X @ (3-62)
_ Y& O
Q —_— 8 ai 3-63
o ( )
= Y o
Q x * 8 ai (3-64)
() ()
The velocity profile at a steady state is shown in Figure 3-40.

Figure 3-40. Steady -state concentration (left) and velocity (right) fields
around the sphere in the Sherwood number validation case. The
concentration and velocity scales are provided in the colour -

coded option. The axis of symmetry is plotted as a blue line.
3.4.2.3.  Nusselt number v alidation

The thermal conductivity of air around the sphere surface will be
averaged at the sphere surface due to the non -uniform temperature

profile. All the related dimensionless numbers are calculated.





















































































































































































































































































































































































































































































































