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Abstract

ABSTRACT

Spray drying of fruit juices is desirable as it produces dry powders which extend the shelf-
life, reduce storage and transport costs, and produce a free-flowing powder which makes it
easier to blend as an ingredient. Commercially, maltodextrin is added to the juices as a
drying aid to increase the efficiency of the spray drying process. In this project, pomace
fibres were investigated as an alternative drying aid. The main attraction of pomace fibres
as a drying aid is the pomace fibres are originally derived from the fruits itself. This study
explores the rheological behaviour of juice-fibre suspensions inside the spraying device,
specifically the nozzle, to ensure high efficiency powder production by
enabling atomization of the mixtures. This study also sought to determine the type of
nozzle and operating conditions for efficient atomization of the juice-fibre suspensions

inside the spray dryer.

Flow-fields inside a nozzle consists of shear and extensional flows. Previous studies on the
shear rheology of fibre suspensions revealed the addition of fibres creates a non-Newtonian
shear-thinning liquid. The studies on extensional rheology of fibre suspensions, however,
were absent. It is widely known the atomization of liquids with both shear and extensional
resistances, require additional energy for atomization when compared to Newtonian liquids

or viscous non-Newtonian liquids of a similar intrinsic viscosity.

In this work, four types of fibres with different aspect ratios were investigated. Some of the
significant and notable methods achieved during the study include 1) the use of capillary
viscometer to examine the shear rheology of fibre suspensions at shear rates up to 20 000
s, which represents the calculated shear rate experienced during atomization, 2) the
building of a portable capillary breakup extensional rheometer to accurately characterize
the extensional rheology of the fibre suspensions at high extensional strain rates and 3) the
use of flash photography technique to capture the atomization patterns. Important findings

from this work include:

e Fibre suspension is a non-Newtonian shear thinning liquid with shear viscosity
dependents on the fibre aspect ratio. The shear thinning behaviour continued until
the shear rate of 25 000 s and a plateau occurred at 25 000 s? shear rate. The

plateau is independent of the fibre aspect ratio.
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e The fibre suspension exhibited extensional resistance. The extensional rheological
properties of the fibre suspensions were dependent on fibre aspect ratio. When
comparing between the shear and extensional rheology of a specific fibre
suspension, the transient extensional viscosity, ni of the fibre suspension was
relatively greater than its corresponding shear viscosity.

e The entrance pressure drop into the nozzle was significantly increased with the
addition of fibre. This made the use of a pressure nozzle inefficient. It was advised
by personal discussion with industry experts that rotary atomizers usually fail in
atomizing extensional liquids, so its application was not explored in this study.

e Spray visualization showed the extensional resistance of the fibre suspensions
significantly affected the atomization behaviour and pattern (droplet size
distribution) by forming filament structures connecting successive droplets
together. This pattern was absent in Newtonian atomization.

e Successful atomization of fibre suspensions was achieved by using a two-fluid
nozzle at high atomizing air velocities and at air-to-liquid ratio above 0.25. At an
atomizing air velocity of 150 m/s, the atomization performance is dependent on the
fibre aspect ratio, but this effect was reduced at higher atomizing air velocities. At
the highest tested atomizing air velocity of 240 m/s, all fibre suspensions yielded a
volume-based average droplet size, D(v,50), of 200 — 250 pum.

e Using a two-fluid nozzle at high atomizing air velocities, the droplets sizes of the
fibre suspensions insignificantly reduced when the temperature of the inlet fibre
suspensions was increased. No change was observed to the atomization
performance when an ultrasonic mechanism was added to the two-fluid nozzle as
an attempt to improve the atomization performance.

e A method of predicting the atomization performance of a given two-fluid nozzle
from its dimensionless numbers, for actual spray dryer applications, was
demonstrated and the results showed that the two-fluid nozzle can be used inside a

spray dryer if the air-to-liquid ratio exceeds 0.25.

Overall, the methodology used in this thesis provides a systemic means of investigating the
suitability of an atomization method for the spraying of a non-Newtonian fluid with

extensional rheological properties.
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Introduction

Chapter 1 Introduction

Spray drying of fruit juice is a problematic industrial process with the aim to increase the
shelf life of the juice and ease of food handling. Spray drying of fruit juice requires the
addition of a drying aid into the juice to improve the spray drying performance and increase
the product yield because the fruit sugars and fruit acids present in the juice cause the dried
powders to be sticky. Usually, maltodextrin is used as the drying aid as this increases the
glass transition temperature of the amorphous structure formed by the sugar and acid
molecules during drying. Cheuyglintase (2009) introduced a new drying aid where they
used carrot fibre to enable them to dry apple juice. This idea has been put forward that the

pomace from the fruit might also be used as a drying aid to replace the maltodextrin.

Introduction of fibres as a drying aid into the fruit juice creates a clean-labelling juice
powder and at the same time maintains a total utilization of the fruit nutrients. The
accomplishment of using fibres as a drying aid will attract many food industries in New
Zealand and overseas to change into creating clean-labelling products. At the same time,
the pomace fibres, which are usually treated as waste, will find a new purpose. These
advantages benefit both consumers and suppliers. To accomplish these aims, it will be
necessary to understand the overall fluid behaviour of the fruit juice once fibres are added.
Fruit juice are simple Newtonian liquids, and many have successfully spray dried fruit juice

with various types of drying aid with the main one being maltodextrin.

Spray drying is divided into two major processes; the first stage is the atomization of the
liquid into droplets and the second stage is the drying of the droplets into powder. To be
able to use the fibres as a drying aid to improve the drying performance, the fibres that are
incorporated into the fruit juice must first be successfully atomized. It was realized that the
introduction of fibres into the fruit juice would probably change the fruit juice from a simple
Newtonian liquid into a liquid with non-Newtonian behaviours. From the literature, the
behaviour, or rheology of a liquid, is the key parameter that controls the atomization

performance inside a spray dryer. The questions to be addressed by this project are:

A) s it possible to spray or atomize the fibre suspension from a liquid into droplets?
B) What factors influence the successful atomization from a liquid into droplets?
C) What type of atomization technique, or what type of atomizer can be used to achieve

the successful atomization from a liquid into droplets?
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D) Is the selected atomization technique or atomizer able to produce droplets as needed
by the drying stage?
E) What are the limitations of the findings?

To answer question A, the questions B — D must be investigated first. In order to investigate
B, the study will explore the rheology of the fibre suspensions. This includes the study on
the shear rheology and extensional rheology of the fibre suspensions. Shear rheology of
fibre suspensions has been well-explored and well-explained in the literature, but not in
relation to the atomization process. In this thesis, the shear rheology of fibre suspensions
will be examined in depth, specifically in relation to the atomization process. Studies on

the extensional rheology are very scarce relative to the shear rheology.

Overall, the main aim of the study is to atomize fibre suspensions. This thesis investigates
the potential atomization techniques and methods based on a deep understanding and
profound analysis of the rheology of the fibre suspensions. To achieve the goal, three

hypotheses are proposed:

1. Fibre suspensions exhibit a shear-thinning property with Newtonian plateau
limitation.

2. Fibre suspensions exhibit an extensional resistance which might limit nozzle
performances.

3. Air-assisted nozzles possibly can atomize fibre suspensions better than other

nozzles.

The next Chapter 2 summarizes the findings and limitations based on the current literature
that helped in building the hypotheses. The experimental plan in Chapter 3 outlines the
detailed methods and equipment that has been developed to answer the hypotheses.
Chapters 4 and 5 discuss the shear and extensional rheology of fibre suspensions,
respectively. Chapter 6 analyses the atomization performance of fibre suspensions, and

Chapter 7 summarizes the conclusions.
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Chapter 2 Literature review

This section is divided into four parts. Section 2.1 starts with the basic mechanism of
Newtonian atomization. Section 2.2 provides the background information on the rheology
of non-Newtonian liquids, which includes the shear and extensional rheology, and Section
2.3 explains the breakup and atomization of the non-Newtonian liquids. Section 2.4
discusses briefly the different types of nozzle in practice nowadays.

2.1 Newtonian breakup

Newtonian fluids exhibit constant viscosity which means the viscosity is independent of
shear rate and deformation time. When a bulk of the Newtonian liquid is injected through
anozzle into a gaseous medium or air surrounding (e.g. a liquid jet or sheet into a stationary
or co-flowing gas), perturbations will grow on the liquid surface which will then induce
disturbances in the liquid and cause the breakup of the bulk liquid into droplets; this initial
disintegration process is referred to as primary breakup. This phenomenon is due to the
competition between disruptive and cohesive or stabilizing forces, where the former forces
overcome the latter (Lefebvre, 1988). The disruptive forces include kinetic energy, friction,
gravity, interface shearing, pressure fluctuations and aerodynamic instabilities. Meanwhile,
the stabilizing forces within the liquid consist of surface tension and shear viscosity.
Secondary breakup occurs when large droplets produced in primary breakup become
unstable as they exceed a critical size. Hence, a secondary breakup is often known as the
continual disintegration of primary droplets into smaller droplets. Final droplet size
distribution in sprays thus is dependent on both primary and secondary breakups.

Rayleigh (1878) is the first that predicted the collapse of a laminar liquid jet when injected
into a still gas. By neglecting aerodynamic interactions, Rayleigh concluded that the liquid
jet collapses if the wavelength of the surface disturbances, A, exceeds the jet circumference.
After that, many researchers have since conducted extended Rayleigh’s analysis by
accounting for the effects of liquid viscosity and aerodynamic (relative velocity at the air-
liquid interface), together with experimental investigations on the breakup of liquid jets

which then contributes to the current well-known series of different disintegration regimes
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(Castleman, 1931; Ohnesorge, 1936; Reitz, 1978; Weber, 1931). One of the important
analysis proposed by Ohnesorge (1936) suggested the relative importance of inertial,
viscous and capillary forces. He classified and plotted an atomization regime according to
liquid Reynolds number, Re and Ohnesorge number, Oh as shown in Equations 2.1 and 2.2,

respectively.

Re = % Equation 2.1
L
Oh=17= \/% Equation 2.2
LoDy

where pu; (Pa.s) is the liquid shear viscosity, o; (N/m) is the liquid surface tension, p;,
(kg/m?®) is the liquid density, D; (m) is the orifice or jet diameter and U, is the liquid velocity
(m/s). Reynolds number determines the state of the jet’s flow, either laminar or turbulent.
In a jet, the Re needs to be large; Re >> 103, in order for the jet to become turbulent near
its nozzle (Lasheras et al., 1998). Meanwhile, Oh provides a convenient way to determine
the relative importance of liquid viscosity and surface tension. It is solely a reflection of
the thermophysical properties of the fluid at a given size of nozzle. Typically, low viscosity
liquids such as water and aniline, with a jet diameter of 1 mm, would have a very small Oh
i.e. Oh << 1. However, for viscous liquids such as glycerine and oils, the Oh can exceed

unity.

Reitz (1978) extended Ohnesorge study and concluded that a breakup of a liquid jet in
stationary gas could be divided into four regimes, as shown in Figure 2.1, which consists
of Rayleigh, first wind-induced, second wind-induced and atomization regimes. Rayleigh
breakup regime is marked by the formation of radially symmetric perturbation on the liquid
jet surface due to the capillary forces. This is obvious from the image of Regime 1 in Figure
2.1. At this stage, aerodynamic effects are negligible. The jet breakup length and the jet
velocity are linearly related. The final droplet sizes are in the order of D;. With increasing
jet velocity thus Re, the aerodynamic forces become progressively more important relative
to the capillary forces. This occurs during the first wind-induced regimes. At this regime,
the liquid jet starts to oscillate about its axis and thus produces a sinuous wave. This is
obvious from the image of Regime 2 in Figure 2.1. The sinous wave eventually collapses
many jet diameters downstream of the nozzle under the influence of aerodynamic forces.

The resultant droplet sizes are comparable to the D;. In the second wind-induced regime,
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at a greater jet velocity, the intensified relative motion between the liquid jet and
surrounding gas promotes the development of short-wavelength perturbations when
compared to the first wind-induced regime. At this regime, aerodynamic forces start to strip
ligaments and droplets directly off the ruffled or disturbed liquid jet. The breakup takes
place only several jet diameters downstream of the nozzle. The resultant droplet sizes are
much smaller than the D;. The use of nozzles in any application typically operates in the
atomization regime. As shown in Figure 2.1, the atomization regime occurs at significantly
high Re, which allows the jet to disintegrate almost spontaneously within a short distance
from the nozzle exit and to form a conical spray shape with its vertex within the nozzle
(Reitz & Bracco, 1986). The atomization regime is marked by a complete and chaotic
disintegration of the liquid jet immediately downstream of the nozzle. This is obvious from
the image of Regime 4 in Figure 2.1. Compared to the other first three regimes which their
underlying mechanisms are well developed and understood, the mechanisms for
atomization regime is still inconsistent and unclear (Lefebvre, 1988; Liu, 1999; Reitz &
Bracco, 1982). Overall, it is widely accepted that the liquid jet turbulence disrupts the
smooth liquid jet surface, thus making it more susceptible to aerodynamic effects. The
aerodynamic effects contributed by the relative motion of liquid and gas then breaks the
unstable ligaments from the bulk liquid (Lefebvre, 1988; Liu, 1999). It means that the
atomization mechanism of a liquid is influenced by the liquid jet turbulence and

aerodynamic interaction.
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Figure 2.1 Breakup regimes of Newtonian liquid jet proposed by R. D. Reitz (1978) and
Ohnesorge (1936). (Regime 1) Rayleigh regime, (Regime 2) first-wind induced regime,
(Regime 3) second-wind induced regime and (Regime 4) atomization regime.

Another method for atomization involves the injection of a relatively slow-moving liquid

jet into a high-speed co-flowing air or gas jet. This method is often termed twin-fluid

atomization. None of the Re and Oh explains the effects of increasing the relative velocity
between the liquid and air. Farago and Chigier (1990) and Lasheras et al. (1998) were the
first to be able to demonstrate the importance of the aerodynamic Weber number, We,

during the two-fluid atomization. Weber number, We, as shown in Equation 2.3, is the ratio

between the aerodynamic deformation forces exerted on the liquid and the restoring surface

tension forces.

We = pL(UL—U4)?Dy
gL

Equation 2.3
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where p;, (kg/m?) is the liquid density, D; (m) is the orifice or jet diameter, g, (N/m) is the
liquid surface tension, U;, (m/s) and U, (m/s) are the liquid and air velocities respectively.
Chigier and Farago (1992) have classified four main regimes of the breakup involving
water and high-speed air jet through the analysis of high-speed photographs. The regimes
were plotted based on Re and We, as shown in Figure 2.2. The regimes or types of breakup
consist of Rayleigh breakup, membrane-type breakup and fibre-type breakup. During the
Rayleigh breakup, the liquid jet collapses into droplets without forming any ligaments,
membranes or fibres. The resultant droplet size is in the order of the jet diameter.
Axisymmetric Rayleigh breakup occurs when We < 15 while non-axisymmetric Rayleigh
breakup happens when 15 < We < 25. Axisymmetric Rayleigh breakup produces helical
structures, as shown in Figure 2.2, which resembles the first wind-induced regime in Figure
2.1. During both types of Rayleigh breakup, the aerodynamic effects are important with
more intense effect during the non-axisymmetric Rayleigh breakup, where the interaction
between the jet and surrounding turbulent air structures is obvious from the jet’s orientation
in Figure 2.2. With increasing air velocity thus, We, a membrane-type breakup takes place
at 25 < We < 70. At this regime, the high air velocity flattens the round liquid jet into a
sheet or membrane. The aerodynamic interactions produce surface waves. As shown in
Figure 2.2, liquid accumulates at the membrane edge that forms a thick frame that bounds
a thin internal membrane. The thick frame further collapses into large droplets via the non-
axisymmetric Rayleigh breakup while the thin membrane bursts into a multiplicity of
smaller droplets. The resultant droplet size is about one order of magnitude smaller than
the jet diameter. Finally, at a much greater air velocity where We > 70, the aerodynamic
forces drag and strip away small-scale ligaments or also known as fibres from the crests or
waves formed on the liquid jet. The dragging and stripping quickly detach the fibres from
the liquid jet or core. The fibres further collapse into droplets via the Rayleigh mechanism.
At this stage, the droplets formed are a few orders magnitude smaller than the jet diameter.
The liquid core continues to accelerate under the influence of the high air velocity at a
position further downstream of the nozzle and more ligaments and fibres are stripped. Here
the droplet sizes are larger than those produced immediately at the nozzle exit.

Various researchers suggested different values for a critical We above which the droplet
disintegrates. For example, Hanson et al. (1963) recommended a value of 10 while Derby
(2010) proposed that Wecrit > 4, specifically for a drop in inkjet printing. Besides that,

Hinze (1955) suggested that the value is less than 10 when the flow is turbulent. Based on
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Wierzba (1990), various experimental data from the literature show that the critical Weber
numbers are scattered over a very wide range from 2.2 to 99.6.
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Figure 2.2 Breakup regimes during a twin-fluid atomization that

consists of Rayleigh regime, membrane-type regime and fibre-type
regime (Chigier & Farago, 1992).
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Theoretically, at low or moderate We, the jet disintegrates into a bag membrane shape
which flattens and breaks up into small droplets. At higher We, the surface of the jet tears
into liquid fibres or ligaments which produces droplets at the end (Chigier & Farago, 1992;
Joseph etal., 1999; Krzeczkowski, 1980; Nicholls & Ranger, 1969; Pilch & Erdman, 1987).
The low and high We correlate to low and high gas velocities, respectively. Figure 2.3
illustrates the effect of increasing air velocity, thus We, which shows that when the jet was
exposed to higher air velocities, jet disintegration into ligaments and fibres was more prone

to occur.

(a)

(b)

Figure 2.3 Development of instabilities that contribute to jet breakup at
different air velocities, U, (@) 24 m/s, (b) 27 m/s and (c) 32 m/s
(Marmottant & Villermaux, 2004).

The rate of stretch and the evolution of diameter of the ligaments at breakup depend
strongly on the air velocity, Uy, with higher velocity contributes to shorter ligament length
at the breakup and thus faster breakup times, as shown in Figure 2.4 (Marmottant &
Villermaux, 2004).
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Figure 2.4 Ligament lengths at breakup as a function of time when using water.
The end of each curve indicates the breakup. (0) Uy =25 m/s, (o) Uy = 29 m/s,
(0) Uy =34 m/s (m) Uy =40 m/s and (A ) Uy =50 m/s (Marmottant & Villermaux,
2004).

A further example is illustrated in Figure 2.5, which demonstrates that a higher We induces
atomization of liquids. Figure 2.5 pairs the effect of We and Oh and proves that a higher
viscosity liquid which the Oh is closer to unity, requires a greater We to achieve the
atomization. Based on Figure 2.5(b), water with a constant shear viscosity of 0.98 x 10
Pa.s, can be easily atomized at We = 153. However, 85% glycerol solution, which has a
viscosity in the range of 63 x 10 to 78 x 107 Pa.s, could not be atomized at We = 153.
Based on Figure 2.5(c), the glycerol solution can be said to undergo an early stage of
atomization at We = 640, which is approximately four times greater than the We required

by water.

Faeth et al. (1995) created a deformation and breakup regimes map which correlates the
We with Oh, based on the available literature results. The regimes illustrated in the map, as
shown in Figure 2.6, are mainly independent of liquid viscous forces or Oh < 1. It is evident
from the map that the transition from deformation to breakup regime requires increasing
We, supporting the idea of higher velocities needed to achieve atomization. While the map
was generated by focusing on non-viscous liquids, however, it shows a few significant

features relating to viscous liquids. For example, while the value of We required for regime
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transitions is relatively low for Oh < 0.1, the We required is relatively higher and
progressively increases when Oh > 1. It is unclear whether a large value of Oh implies no
breakup or simply means that a greater value of We is needed. Most existing studies and
literature data are limited to insignificant Oh; Oh < 0.1, which makes it harder to predict
the spray behaviour of viscous liquids.

Figure 2.5 Atomization of water (left) and 85% glycerol solution (right) at
increasing air velocity. (a) We = 60, (b) We = 153 and (c) We = 640 (Aliseda
et al., 2008).
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Figure 2.6 Deformation and breakup regimes map designed mainly for non-
viscous liquids (Faeth et al., 1995).

In this century, a lot of the focus on jetting and breakup application has been carried out in
inkjet printing technology. Generally, inkjet printing is based on a drop-on-demand (DOD).
Specifically, it deposits a precise quantity of ink in the form of droplets by applying a short
pressure pulse through a nozzle with a diameter of typically between 20 and 50 um (Le,
1998). The ink meniscus at the end of the nozzle orifice is maintained by surface tension.
A piezoelectrically induced pressure wave then propagates against the surface tension of
the ink fluid which causes a small droplet to be ejected from the nozzle. Many studies have
concentrated on the jetting and breakup performance in inkjet printing (Reis and Derby,
2000; Dong et al., 2006; Jang et al., 2009; Lee et al., 2012). The important parameters
affecting the atomization and thus the printability of inkjet fluids are viscosity, density, and
surface tension. These fluid properties influence the drop formation mechanism and the

subsequent drop size at a given voltage.
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2.2 Non-Newtonian rheology

2.2.1 Shear rheology

Rheology is the study of flow and deformation of matter, under the application of shear and
normal stress. Non-Newtonian liquids includes dilatant or shear-thickening, pseudoplastic
or shear-thinning, Bingham plastic, rheopectic and thixotropic. Shear viscosity of non-
Newtonian liquid can increase (dilatant or shear-thickening) or decrease (pseudoplastic or
shear-thinning) as the shear rate increases. Meanwhile, at a constant shear rate, rheopectic
liquids exhibit an increase in the shear viscosity as a function of time, as opposed to
thixotropic liquids (Barnes et al., 1989). These behaviours are shown in the linear plots in
Figures 2.7 and 2.8. Unlike Newtonian liquids, the microstructure of non-Newtonian
liquids can change under shear, which is why their macroscopic property such as shear
viscosity can be affected by deformation. Regardless of the nature of the liquid; either

Newtonian or non-Newtonian, the shear viscosity decreases with increasing temperature.

Fitting of mathematical models to the experimental shear flow data such as power-law
model, as shown in Equation 2.4, is a relatively straightforward and it contains two

parameters which are consistency index, k and power-law or flow index, n.
Tshear = kK X V™ Equation 2.4

where 4.4 (Pa) is the shear stress and y is the shear rate. n <1 for shear-thinning liquids
while n > 1 for shear-thickening liquids. As Newtonian liquid is independent of shear rates,
the n is always equal to 1. The power-law model is effective in predicting the shear
behaviour of most liquids, but limitation exists at high y values. For example, for shear-
thinning liquids, the predicted shear viscosity decreases indefinitely with increasing y. This
means that the liquids will have an inifinite viscosity at rest and zero viscosity at an infinite
y. However, in reality, the liquids have both maximum and minimum shear viscosity
determined by the physical chemistry at the molecular level. This means that the use of the
power-law model is effective but valid across certain ranges of y only. Unlike the power-
law model, another mathematical model, known as Cross fluid model, incorporates the
shear viscosity of a liquid at infinite shear rate, as shown in Equation 2.5. The Cross model

covers the entire shear rate range.
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w(¥) = Ue + —ff(;’;fn Equation 2.5

where u (Pa.s) is the shear viscosity, u., (Pa.s) is the viscosity at infinite shear rate and y,

(Pa.s) is the viscosity at zero shear rate.

A Shear Thinning

Newtonian
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Shear Rate (1)

Figure 2.7 Variation of shear stress with shear rate for Newtonian and non-
Newtonian liquids.
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Figure 2.8 Variation of shear viscosity with time (at a constant shear rate) for non-
Newtonian liquids.

The effect of volume fraction on shear viscosity is described by Krieger-Dougherty

equation as follow:

. . . u @ _[n]mc .
relative viscosity, ng = o (1 - @_) Equation 2.6
0 C
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where [n] is the intrinsic viscosity and equal to 2.5 for spheres, @ is the volume fraction of
solid particles, @, is the critical volume fraction, u and p, are the viscosity of suspension
and viscosity of medium respectively. There are other proposed relationships between
volume fraction and shear viscosity of suspensions as explanied by Stickel and Powell
(2005). Krieger-Dougherty equation shows that an increase in volume fraction increases
the viscosity of suspensions. This is because, at higher volume fractions, the particles pack
tightly together which make it harder for the particles to move freely and further induce
particle-particle interactions. This is shown graphically by Hoffman (1972) and reproduced
by Stickel and Powell (2005), as shown in Figure 2.9. Many previous authors suggest that
it is convenient to assume that concentrated suspensions generally behave like shear-
thinning liquids with Newtonian plateau limitation, before the onset of shear-thickening as

the shear rates increases (Stickel & Powell, 2005).
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Figure 2.9 Effect of volume fraction on shear viscosity of suspensions
(Stickel & Powell, 2005).

@ is often used as an adjustable parameter in viscosity models and for monomodel sphere,
a range of reported theoretical values varies between 0.524 to 0.740. @ increases with size
ratio up to about 10:1, which means that a polydisperse system yields lower viscosity values
than a monodisperse distribution of either small and large particles. This is because, with
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polydisperse sample, small particles can fill the gaps between the closely packed large
particles, resulting in a greater allowable maximum volume fraction in the suspension
(McGeary, 1961). Krieger-Dougherty equation is also supported by experimental work
done by Bibbo (1987) and Djalili-Moghaddam and Toll (2006) specifically on nylon fibres
and polyamide 66 fibres, respectively. They prove that viscosity increases with fibre
content. Figure 2.10 shows that the highest volume fraction has the highest shear viscosity
both at low and high shear rates. Meanwhile, the lowest volume fraction has a lower
viscosity. Bibbd (1987) proves that fibre suspensions show a shear-thinning behaviour up
to certain shear rates, and behave as Newtonian liquids afterwards due to a plateau

limitation. The occurrence of shear-thickening behaviour after the plateau is uncertain.

The proposed relationships between volume fraction and suspensions shear viscosity and
the theoretical values for @., were all build by considering spherical, or atleast particles
with aspect ratio closes to unity. Aspect ratio, o, is the length to diameter of particles.
Suspensions of fibres or rods usually have aspect ratio exceeds unity. Fibres, rods or
elongated particles will pack differently compared to the spherical particle and thus,
contributing to different values of @.. Fibres have been widely used in composite systems,
with predicted @  values between 0.785 and 0.907 (Pan, 1993; Shah et al., 2012). Evans

and Gibson (1986) suggested a relationship of @. - = kd/L, but restricted to aspect ratios

above 10 with k value of 5.3.

Djalili-Moghaddam and Toll (2006) use polyamide 66 fibres suspended in silicone oil.
They use fibres with different length to diameter ratio, from a=39 to a=73. Figure 2.11
indicates that the shear viscosity increases with both volume fraction and aspect ratio. As
the aspect ratio increases from 39 to 73 at a similar fibre fraction, the low aspect ratio fibre
suspension yields a lower shear viscosity value when compared to the high aspect ratio
fibre suspension. The same trend can be observed in Figure 2.12. Figure 2.12 shows that
the shear viscosity increases with shorter fibre length. At a constant aspect ratio, longer
fibres are made up of larger diameter which makes the absolute size of the fibres fatter than
the shorter fibres. Fatter fibre size increases the distance between successive fibres and
thus, hindering strong attractive forces between them. This allows the suspension to flow

easily compared to the small fibre size.
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Figure 2.10 Shear viscosity as a function of shear rate at different volume fraction of
fibres. (o) @ = 0.08, (inverted triangle) @ = 0.12 and (o) @ = 0.15 (Bibbo, 1987).
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Figure 2.11 Relative viscosity as a function of volume fraction at different fibre aspect ratios
(Djalili-Moghaddam & Toll, 2006).
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Figure 2.12: Relative viscosity as a function of volume fraction at a similar aspect
ratio but different fibre lengths (Djalili-Moghaddam & Toll, 2006).

Many studies on fibre suspensions confirmed the shear thinning behaviour at low shear
rates, but very limited knowledge is available on the behaviour of fibre suspension at very
high shear rates, as needed in spraying applications. A study performed by Grigelmo-
Miguel et al. (1999) proves that peach dietary fibre suspensions up to 20% behave as a
pseudoplastic or shear-thinning fluid. Elleuch et al. (2008) shows that date dietary fibre
suspensions also act as a shear-thinning fluid. Pulp suspension from hardwood Kraft also
shows a shear-thinning behaviour up to 5% fibre fraction (Derakhshandeh et al., 2011).
These studies were all conducted at relatively lower shear rates compared to the rates

needed in spraying application.

The effects of fibre addition on the shear viscosity of the suspensions are very complex. So
far, the factors that affect the suspension viscosity include the particle size and particle size
distribution, volume fraction and particle shape which determines the aspect ratio. Other
effects such as fibre curvature and fibre flexibility also affect the shear viscosity of the
suspensions. Previous studies show that fibre curvature is one of the factors affecting the
suspension viscosity (Anczurowski & Mason, 1967; Joung et al., 2002; Nawab & Mason,
1958). A study by Blakeney (1966) on nylon fibres proves that the effect of fibre curvature

is significant as the suspension viscosity increases by an order of 10-15% when compared
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to the straight fibre suspension. Figure 2.13 below shows the effect of curved fibres on
suspension viscosity via a numerical simulation. The results are in agreement with
Blakeney (1966), which indicates that curvature in fibres is a significant contributor to the

increase in suspension Vviscosity.

12
10 |
8 E n Curvature Angle = 0° (Straight fibres)
; : Curvature Angle = 2° ¥
! ; Curvature Angle = 4°
6 | ! Curvature Angle = 9.9° i
: ] Curvature Angle = 19.8° -
.'i': | ) Curvature Angle = 29.7°
g L * Curvature Angle = 39.6°
o 4/
w0 ,
S 5 .
@ i
= '
= 2
@
o o n
¥ o
% =
- ¥
w* 1wt 10

Volume Fraction

Figure 2.13 The viscosity of fibre suspension across increasing volume
fractions, at different fibre curvature angles (Joung et al., 2002).

Based on Figure 2.13, the straight fibres can be seen to have the lowest viscosity at all
volume fractions. The effect of fibre curvature on resultant viscosity is more pronounced
at higher concentrations. Surprisingly, the highest viscosity is not displayed by the biggest
curvature angle. This effect can be seen clearer in Figure 2.14. Based on Figure 2.14, at all
volume fractions, the viscosity peak is displayed by the curvature angles in the range 5° <
Orinre < 10°. Surprisingly, beyond 10°, the viscosity of the suspension decreases, although
the viscosity is still greater than the viscosity of the straight fibres at 0°. This is in agreement
with Andri¢ et al. (2014). They show that the viscosity decreases after reaching a maximum

curvature value because the fibres now become coiled.

45



Chapter 2

8
I Volume Fraction
- 0.0017
- - 0.0087
Fi —-4-—- D.0278
L ~ .. —. 0.0538
* 0.0798
: Fero Curvature . — - a-—- 01111
| (Straight Fibres) ’ - — = 0.1562
E [ | % - ]
a3 oo
g s |
- [
> . I
o [ 4
2 4 |
= I |
= L o ‘
$ | e
3- | - ]
[ | 4 * T + - —
2: * L = —
| - Ld _——
E . - » .- »
1L FEwe-— s . u
0 10 20 30 40

Fibre End-to-End Curvature (deg.)

Figure 2.14 The effect of fibre curvature angles on the suspension viscosity
(Joung et al., 2002).

Joung et al. (2002) show that the suspension viscosity is sensitive towards the fibre shape
imperfections and the curvature effects need to be considered when dealing with fibres.
The curvature also contributes to the misalignment of fibres during shear and thus increases
the viscosity (Joung et al., 2002). Switzer and Klingenberg (2003) also compared the
viscosity of straight and curved fibres. They found that the suspension viscosity of U-
shaped fibres is significantly larger than those of the straight fibres. Even a small curvature

deviation from a straight line resulted in a significant increase in the viscosity.

Ideal fibres are straight and have rigid physical properties while natural fibres have curves
and great flexibility. These curved and flexible fibres have greater viscosity when
compared to rigid fibres. According to Joung et al. (2001), the viscosity of concentrated
flexible fibre suspensions is 7-10% greater in magnitude than the rigid fibre suspensions.
Figure 2.15 shows that fibres with more flexibility exert a greater suspension viscosity.
Glass fibres, which is the stiffest material, can be seen to behave quite similarly with rigid

fibres. Meanwhile, nylon fibres, which can be categorised as flexible fibres, show a
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significant difference in viscosity compared to the rigid fibres. From the graph, at low

volume fractions, the effect of fibre flexibility on viscosity becomes negligible.
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Figure 2.15 Viscosity of flexible fibres compared to rigid fibre at increasing
volume fraction (Joung et al., 2001).

A few studies suggest that the flexibility of fibres contributes to a shear-thinning behaviour.
This is because, the increase in fibres flexibility results in more configurations of fibres due
to bending, which in turn favours the fibre-fibre contacts and thus, the fibre-fibre
interactions. These interactions or flocculation create network-like structures with low
mobility. However, if the shear rate is further increased, a reversal of the flocculation
occurs, where these networks are destroyed and thus, lead to a shear-thinning behaviour
(Keshtkar et al., 2010; Schmid et al., 2000).

Yamanoi et al. (2010) propose that the influence of flexibility on suspension viscosity can
not be explained without considering other factors. For example, a similar type of two
flexible fibre suspensions yield different suspension viscosity depending on the fibre aspect

ratio. It means that various studies might propose different relationships between the fibres
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flexibility and suspension viscosity, depending on the parameters being considered.
Another example, in Andri¢ et al. (2014) study, they suggest that the shear viscosity
decreases with fibre flexibility. However, this relationship is limited to the investigated
ranges of fibre bending ratios only.

Effective stiffness, which characterized the relative importance of fibre stiffness, has been
proposed by Switzer and Klingenberg (2003), as shown in Equation 2.7. It is used as a

criterion for fibre flexibility.
Serr = EynD* /641, yL* Equation 2.7

where Ey (Pa) is the Young modulus of the fibres, n,,, (Pa.s) is the viscosity of suspending
fluid and y (s?) is the shear rate. As Serr — 0, the fibres behave like completely flexible
threads, whereas for S, - — oo, the fibres become rigid. Overall, most of the previous works
and authors have shown and agreed that fibre flexibility enhances both viscosity and the

storage and loss moduli (Keshtkar et al., 2009; Kitano et al., 1984; Kotsilkova, 1992;
Soszynski & Kerekes, 1988).

In atomization, shear viscosity is the major factor that affects the dynamics of jet
instabilities as it stabilizes the forces of inertia and thus, delays the breakup of the liquid jet
(Agrawal et al., 2013). Meanwhile, surface tension effect is usually insignificant due to the
aerodynamic effects (Reitz, 1978; Farago and Chigier, 1990; Lasheras et al., 1998). The
shear viscous stress is the major factor that affects the dynamics of jet instabilities and their
dynamics only. A study performed by Reitz and Bracco (1982) shows the influence of the
liquid viscosity on the resulting jet flow. They vary the proportion of glycerol in water and
prove that the instabilities in jet flow are greatly dampened as the viscosity is increased,
which results in the formation of a laminar liquid jet instead. Therefore, the position of the
primary break shifts further downstream. This phenomenon can also be proved through the
calculation of Reynolds number of the liquid jet. A high shear viscosity will lower the
Reynolds number (Agrawal et al., 2013). Besides that, Lin and Reitz (1998) show that the
increase in liquid viscosity declines the wave growth rate and increases the wavelength of

instabilities.
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2.2.2 Extensional rheology

Previous section discusses in general the shear rheology of non-Newtonian liquids with a
lot of examples given based on fibre suspensions specifically. The shear rheology or
behaviour mainly depends on volume fraction, aspect ratio and particle shape. The different
types of flow between shear and extensional fluids and their forms of deformations and
resistances are illustrated by Steffe (1996), as shown in Figure 2.16. In the presence of
extensional flow, some liquids, such as fibre suspensions, can develop extra resistance or

tension that cannot be quantified by shear rheology (Ooi & Sridhar, 2004).

Previous studies proved the important role of extensional viscosity in dynamics of liquid
breakup (Mansour & Chigier, 1995; McKinley, 2005; Rothstein, 2003), and thus
suggesting that both shear and extensional viscosities need to be considered in designing
atomization or spraying processes. The extensional flow is present along with the shear
flow in the case where a liquid encounters a flow path that includes some degree of
convergence or contraction from a larger diameter inlet tube to a fine exit orifice, such as
in pipe contraction and in almost all nozzles (Astarita & Greco, 1968). During the breakup
and atomization via a nozzle, most of the flow inside and outside of the nozzle is
irrotational, except for the flow near the solid boundaries. This means that the liquid will
experience extensional flow more often than the shear flow, and thus promotes stretching,

based on the sketch in Figure 2.16.
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Figure 2.16 The difference between the shear and extensional flow experienced by a
liquid and the resultant deformations occurred to the liquid molecule after the
shearing and stretching (Steffe, 1996).

Chhabra (2006) explains the difference between shear stress and normal stress developed
in a flowing liquid due to the shear and stretching of the liquid, respectively. In a steady
one-dimensional shearing flow of the liquid, the stresses developed are shown in Figure
2.17. The cubic is considered as a liquid which is being sheared by two planes. The
unidirectional flow of the liquid makes the y- and z-components of velocity vector zero.
From Figure 2.17, during the shearing motion of liquid, there is additional normal stress

developed which is P,,, due to the stretching of the liquid along with the shear stress, 7,,,
due to the shearing of the liquid. P,, and F,, are zero since the velocity vectors are zero in

y- and z-directions. Early theoretical studies on the effects of suspended macromolecules

on extensional rheology suggest that the orientation and stretching of suspended particles
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or molecules along the extensional flow direction can increase the extensional viscosity or

contribute to the greater extensional resistance (Baloch et al., 1994; Batchelor, 1970, 1971).
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Figure 2.17 Stresses developed in sheared flow of viscoelastic fluid (Chhabra, 2006).

Bird et al. (2007) explain in depth the stress tensors developed by writing a momentum
balance over a fixed volume element consists of Ax Ay Az through which a fluid is flowing,

as shown in Figure 2.18. The momentum balance can be written as Equation 2.8.

rate of rate of rate of external
increase = [momentum | — |momentum | + | force on Equation 2.8
of momentum in out the fluid

By referring to Figure 2.18, the rate at which x-component of momentum enters across the
plane at X iS T,.|, Ay Az and the rate at which it leaves the plane at x + Ax is
Tyx |l x4 AY Az. The rates at which the x-momentum enters and leaves through the planes
aty and y + Ay are t,,,|, Az Ax and 7, |,a, Az Ax, respectively. Similarly, the rates at
which the x-momentum enters and leaves through the planes at z and z + Az are
Tzxlz Ax Ay and T,y |,4a, Ax Ay, respectively. T,,, 7,, and 7,, are known as the stress
tensors. Addition of all these contributions produced the net rate of addition of x-

momentum across all three pairs of planes, as shown in Equation 2.9 below.

AyAZ(Txxlx - Txx|x+Ax) + AZAx(Tyxly - Tyx|y+Ay) + AxAy(szlz - sz|z+Az)

— Equation 2.9

Based on Equation 2.8, the external force on the fluid is typically related to the gravitational

force acting on the volume element and the x-component of this force is pg,Ax Ay Az.
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Meanwhile, the rate of increase of momentum in Equation 2.8 can be written as
Ax Ay Az 6(pv,)/6t. The final form of x-component of the momentum balance divided
by Ax Ay Az is shown in Equation 2.10, when the limit is taken as Ax, Ay and Az go to

ZEero.

8 8 5 5 i
5 PVx =~ (Efxx + 5y T + grzx) + PYGx Equation 2.10

Similarly, the equations of momentum balance for y- and z-components can be developed
and are as in Equation 2.11 and 2.12, respectively. Ty, Tyx, Tzx: Tyx, tC., are the nine

components of t, known as the stress tensor.

é 9 9 9 .
apvy = - (a’l’xy + g‘[yy + g'l'zy) +p9y Equation 2.11
é 9 é é .
5PV =~ (E Ty + 3y vz + grzz) + 09 Equation 2.12

T
XIZ

T““x-*-Ax

Figure 2.18 Fixed volume element Ax Ay Az, with six arrows indicating the flux of x-
momentum through the planes.

By using vector-tensor notation, Equations 2.10-2.12 can be reproduced and written as in
Equation 2.13. pv; are the Cartesian components of the vector pv, which is the momentum

per unit volume at a point in the fluid. pg; are the components of the vector pg, which is
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the external force per unit volume. The term —[V - 7]; is the ith component of the vector
—[V-1].

%pvi =—[V-tl;+pg; i=xy2 Equation 2.13

Further explanation on the development of the stress tensors can be found in Bird et al.
(2007). Bird et al. (2007) lists out each component of the stress tensor in both rectangular
and cylindrical coordinates which are represented by x, y, z and r, 8, z, respectively.
Previous studies by Entov and Hinch (1997) and Torres et al. (2014) have described the
derivation of simple expressions for extensional behaviour based on the developed stress
tensors within a liquid filament and they show the difference between the stress tensors
developed during a shear flow. In their derivation and analysis, it is evident that shear and
extensional flow result in a completely different deformations and one behaviour could not
be predicted by the other behaviour.

Precise measurements of extensional properties such as fluid relaxation time and
extensional viscosity are essential for a quantitative study of the extensional rheology.
Relaxation time is the characteristic time scale for viscoelastic stress growth in a uniaxial
elongational flow (Rodd et al., 2004). There are few well-known methods that can be used
to quantify the extensional effects which are Filament Stretching Extensional Rheometer,
FiSER™ (Cambridge Polymer Group, Boston), Capillary Breakup Extensional Rheometer,
CaBER™ (Cambridge Polymer Group, Boston and Haake) and Cambridge Trimaster
(Hallmark et al., 2016). These devices measure the necking of an extensionally-strained
fluid filament as a function of time. The CaBER was first developed by McKinley and co-
workers at MIT in conjunction with the Cambridge Polymer Group. The CaBER can
provide information on elasticity, relaxation time and filament breakup time. Conventional
extensional rheometers are heavy, delicate and expensive. There is, therefore, a need for a
portable device for measuring the extensional properties. The first lightweight portable
extensional rheometer was built by Collett et al. (2015). The portable rheometer works very
similarly to the CaBER, by monitoring the dynamics of the breakup of fluid filament
following a short, rapid, extensional deformation. One can obtain information about the
relaxation time, the extent of elasticity and the breakup time for the fluid. Other methods

for studying extensional behaviour include the use of capillry or confined ducts.
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Tuladhar and Mackley (2008) show the extensional behavior of diethyl phthalate (DEP)
polymer solution with and without polystyrene (PS) as an elasticity enhancer. The DEP
alone is a Newtonian liquid while the addition of 5% PS results in a shear-thinning
behaviour with significant elastic properties found based on the FiSER™ technique. It
means that the DEP/PS suspension is an extensional liquid. From the Tuladhar and Mackley
(2008) study, it can be concluded that extensional resistance increases with concentration

which agrees with the Calvo and Chigier (1995) study.

During the breakup and atomization via a nozzle, the flow of the liquid is affected by both
the shear and extensional rheology of the liquid. Mansour and Chigier (1995) found that
the normal stresses developed in viscoelastic materials are much higher than their
associated shear stress during a two-fluid atomization. The normal stresses consequently
inhibit the breakup. Other studies found that the extensional behaviour of liquids plays an
important role in influencing the dynamics of the liquid breakups. For example, it can
influence the pressure drop and this affects the atomization or spray ability of the liquids
(Chhabra, 2006; Keshavarz et al., 2015; McKinley, 2005; Rothstein, 2003; Thompson &
Rothstein, 2007). Thus, it is important to understand both the shear and extensional
rheology of liquids before designing the atomization or spraying process. The comparison
of extensional and shear viscosity contributions is usually made through the calculation of

Trouton ratio, Tr, and is defined as in Equation 2.14.
Trouton ratio, Tr = 13 (€)/u(y) Equation 2.14

where n# (Pa.s) is the extensional viscosity at the extensional rate of £ (s*) and u (Pa.s) is

the steady shear viscosity at the shear rate of y (s1). The standard method implies that y =

¢ but a few authors proposed and suggested that y = /3¢ should be used to calculate the
Tr (Jones et al., 1987; Meadows et al., 1995; Viebke et al., 1998). Meanwhile, Bach et al.
(2003) defined Tr as the apparent extensional viscosity, nz, over zero-shear rate viscosity,
Uo- The Tr was theoretically predicted to be 3 for Newtonian fluids, however some studies
observed this value experimentally and found the Tr to be between 3 — 4.3 (Hermansky and
Boger, 1995; Fuller et al., 1987; Eastman et al., 2000, Xu et al., 2005).
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2.3 Viscoelastic breakup and atomization

Avaliable literature on viscoelastic breakup can be divided into two categories which are
capillary jet breakup and atomization. In contrast to the Newtonian breakup and
atomization mechanisms accurately explained in Section 2.1 based on different regimes, a
development of any constitutive equation or any relationships between the disruptive and
stabilzing forces to predict the breakup and atomization regimes for viscoelastic liquids is
absent. Almost all previous works relating to viscoelastic breakup and atomization has been
experimental only. There are few attempts in at least correlating the extensional rheology

to spray properties especially the droplet size.

The capillary jet breakup in Newtonian liquid, owing to the Rayleigh regimes up until
before the atomization regime, has been explained in the previous section. Few researches
have tried to include the additional stress contributed by the extensional resistance to show
the effect on the breakup of a viscoelastic jet. Chhabra (2006), Mansour and Chigier (1995)
and Thompson and Rothstein (2007) suggest that the main feature of the breakup is the
disintegration of the jet into streamwise ligaments, which will break into droplets at the end
but over a much longer distance compared to Newtonian or inelastic fluids. This
phenomenon is unfavorable for spray dryer applications as the atomization regime should
start as soon as the liquid jet exits the nozzle. Overall, the elasticity or extensional rheology
affects the stability of a jet by delaying the the onset of disturbance growth and enhancing
the filament stability in the final stages of breakup owing to the normal stress development
due to the extensional flow. As consequences, the jet has longer breakup lengths, fewer
satelite drops and more pronounced filament stretching between the ligaments or droplets.
Eggers and Villermaux (2008) also examined a jet of water with a small amount of flexible
polymer inside. Instead of breaking up according to the Rayleigh regime, adjacent drops
remain joined by threads, which grow increasingly thinner, and delaying the breakup
significantly. This phenomenon is due to the polymer being stretched in the extensional
flow inside the thread and thus deviate from their ideal coiled state. Keshavarz and
McKinley (2018) showed that the fragmentation and breakup of viscoelastic liquids when
using a rotary atomizer was delayed by nonlinear elastic effects and this leads to broader

droplet size distributions.

Some inkjet fluids also exhibit extensional properties. Under suitable conditions, the

ejected fluid develops into a single droplet for quality ink-jetting as discussed in the
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previous Section 2.1. However, most functional ink materials available nowadays contain
polymers that exhibit extensional properties. The ink-jetting performance of such fluids is
very unstable with the formation of long filaments, connecting the ejected droplet to the
nozzle. A lot of studies have focused on the filament behaviour and its lifetime during the
ejection process (Morrison and Harlen, 2010; Hoath et al., 2012; Bienia et al., 2016; Du et
al., 2018). They found that for polymer inks, the extensional resistance contributed by the
coiled-stretch transition occurred along the polymer chains affected the droplet formation.
Specifically, elastic stresses acted to contract the trailing ligament or filament into the main
drop before capillary breakup occurred. This elasticity can delay or prevent the break-off
of the drop from the ink reservoir within the nozzle. The length and lifetime of the filament
influence the positional accuracy and resolution of the printing as well as the printability
of the inks. It means that when printing, the addition of a small amount of polymer with
extensional properties can significantly affect the breakup of filaments generated and thus
change the droplet formation characteristics. The extensional properties of polymer inkjet

fluids mainly dependent on the molecular weight of the polymer (Hoath et al., 2012).

In contrast to the study or observation on the capillary breakup of a viscoelastic jet,
Mansour and Chigier (1995) did actually atomize viscoelastic liquids using a two-fluid
atomization technique. A marked difference in breakup pattern between the viscoelastic
liquids and liquids with no elasticity was observed. The resultant droplet sizes were
independent of shear viscosity or no correlation was found between the shear viscosity of
the viscoelastic liquids and the droplet sizes formed. Although it was not shown in their
study, it is suspected that the droplet sizes were influenced and controlled by the extensional
viscosity, and that is why no correlation was found between the shear viscosity and the

resultant droplet sizes (Mansour and Chigier, 1995).

Atomization of viscoelastic and extensional liquids using conventional hydraulic atomizers
or simple pressure nozzles constitutes the remaining bulk of the limited available literature.
All the studies show the unsuccessful atomization or ineffective atomization of the liquids
when using conventional and pressure nozzles. For example, Thompson and Rothstein
(2007) and Stelter et al. (2002) employed flat-fan, pressure-swirl and hollow-cone spray
nozzle. They show that the atomization of viscoelastic liquids using conventional and
pressure nozzles consists of extended sheet breakup length, increasing mean droplet size
and inability to form full conical sheet and fully developed hollow-cone sprays. Other
studies by Chao et al. (1984), Johnson et al. (1987), Smolinski et al. (1996), Marano et al.
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(1997) and Mun et al. (1999) all utilized different types of viscoelastic fluids to purposely
supress jet atomization and anti-misting effect and produce large droplets by using

conventional and pressure nozzles.

2.4 Nozzles

2.4.1 Rotary atomization

Rotary atomization is often called centrifugal atomization, where the liquid feed is
centrifugally accelerated to a high velocity before exiting into an air-gas atmosphere
(Lefebvre, 1988; Masters, 1979). The degree of atomization for this technique depends on
the peripheral speed, feed rate, liquid properties and atomizer design. For the liquid to gain
the maximum centrifugal energy, the liquid must acquire the peripheral speed of the wheel
or disc before discharge. For all types of rotary atomizers, the formation of drops directly
at the peripheral edge, as in Figure 2.19, can be achieved only at low feed rates. However,
the need for high feed rates is always the case in commercially spray drying process. This,
in turn, will result in the formation of ligaments prior to complete atomization as shown in
Figure 2.20 (Frost, 1981; Lefebvre, 1988).

Commercially, atomizer wheels are always being used when compared to vaneless discs
which can be said to find no application in the current industry (Masters, 1979). For the
case of wheel atomization, at low speeds and feed rates, viscous and surface tension forces
control the breakup process. At intermediate speeds, liquid ligaments start to form and
extend out from the edge of the vane and their disintegration is now controlled by
centrifugal forces and only a small amount by gravitational forces. The ligaments are
further disintegrated during their flight through the air. As the liquid flow is further
increased, high wheel peripheral speeds need to be applied. The liquid disintegration then
occurs right at the wheel edge by frictional effects between the air and the liquid surface.
This is the direct droplet formation mechanism (Masters, 1979). Different modes of
disintegration need to be controlled by different parameters. To get the ideal mode of direct
droplet formation, the liquid release velocity from the edge of the wheel needs to be high
enough to permit air frictional effects between the liquid-air interfaces. It means that high
wheel speeds suitable to the feed rates are necessary.

57



Chapter 2

The breakup and atomization of viscoelastic liquids using a rotary atomizer may not be
efficient and successful as suggested by Keshavarz and McKinley (2018). They showed
that the fragmentation and breakup of viscoelastic liquids when using a rotary atomizer was

delayed by nonlinear elastic effects and this leads to broader droplet size distributions.

Figure 2.19 Direct drop formation Figure 2.20 Disintegration of ligaments prior
(Frost, 1981) to droplets formation (Frost, 1981)

2.4.2 Nozzle atomization

Nozzle atomizers also find broad applications commercially. The function of nozzle
atomizers is to accelerate and disintegrate the bulk liquid flow into a spray. The liquid in a
nozzle atomizer is disintegrating only if the liquid jet is turbulent enough. The main
drawback of the nozzle atomizers includes the inefficient energy transfer during
atomization (Masters, 1979). Various types of nozzles have been developed in an attempt
to improve the degree of atomization, such as those utilizing either pressure, kinetic or
sonic energy. Pressure nozzles, pneumatic nozzles and ultrasonic nozzles all fall into the

nozzle atomization category.

2.4.2.1 Centrifugal pressure nozzle

Pressure applied to the liquid within the nozzle forces the liquid out of the orifice at high
velocity. Before exiting the nozzle, the high-pressure liquid bulk must flow through an
insert such as slotted insert and swirl insert, as shown in Figure 2.21. This arrangement

allows the high-pressure liquid to exit the nozzle in the form of conical sheets instead of
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thick jets. The formation of conical sheets permits greater energy transfer leading to better
atomization. The sheet velocity is constant, but the thickness reduces as the cone develops.
However, the sheet length is always invisible during commercial operation due to the direct
droplet formation mechanism. Invisibility is due to the high pressures, nozzle velocities
and resulting turbulence and frictional effects which all contribute to the very short sheet
lengths regardless of a high liquid viscosity (Masters, 1979). Despite the simple operation
and requirements of a pressure nozzle, and the wide use in industry, it is important to note

that pressure nozzles are unable to atomize very high viscous fluids.

The breakup and atomization of viscoelastic liquids using a pressure nozzle may not be
efficient and successful as suggested by Thompson and Rothstein (2007) and Stelter et al.

(2002). As an overall, the use of the pressure nozzle mainly supresses jet atomization.
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Figure 2.21 Centrifugal pressure nozzles (a) Principal
parts (b) Typical nozzles (Masters, 1979)

2.4.2.2 Pneumatic (two-fluid) nozzle

Pneumatic nozzle requires high-velocity gas accelerating and impacting the liquid bulk for
liquid disintegration to occur (Mansour & Chigier, 1995). The flow of high-velocity gas or

air creates high frictional forces over the liquid surfaces causing the liquid disintegration
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into spray droplets. Compared to other types of atomization discussed above, the frictional
effects in pneumatic atomization are enhanced by increasing the velocity of the gas instead
of the velocity of the moving liquid bulk. According to Masters (1979), a high relative
velocity between the liquid and gas must be generated so that the liquid is subjected to
optimum frictional conditions. Similar to other atomization, the disintegration involved
here can be either the tearing of liquid bulk into ligaments which further break into droplets

or the direct formation of droplets as soon as exiting the nozzle.

Pneumatic nozzles have operational flexibility in producing either small or large droplets
over a wide range of feed rates and require lower liquid injection pressures for atomization
to occur (Mansour & Chigier, 1995; Masters, 1979; MIkvik et al., 2015). This characteristic
differs from the centrifugal pressure nozzles which have a limited capacity range for
complete atomization (Masters, 1979). The appealing factor of the two-fluid nozzle is that
it can handle both low and high viscous liquids (Masters, 1979; MIkvik et al., 2015).

The pneumatic nozzles find applications in atomizing highly viscous liquids including
slurries, pastes, suspension and corn starches (Mansour & Chigier, 1995). Kufferath et al.
(1999) also used a twin-fluid atomizer to atomize a high viscous liquid despite their high
energy consumption. A study conducted by Mansour and Chigier (1995) also demonstrated
the possibility of using pneumatic nozzles to spray non-Newtonian viscoelastic liquids.
This nozzle is also suitable in atomizing dilatant or shear-thickening fluids, which
obviously cannot be atomized by pressure nozzles. However, one major drawback of

pneumatic nozzles is the requirement of high-cost compressed air (Masters, 1979).
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Figure 2.22 Design of pneumatic nozzle head (top) two-fluid internal mixing
and (bottom) two-fluid external mixing (Masters, 1979).

2.4.2.3 Ultrasonic atomization

Sonic atomization has started to gain attention as the remaining option as there are
increasing numbers of liquids which cannot be atomized successfully by wheels and
nozzles. These liquids include non-Newtonian products, highly viscous liquids and liquids
with long chain molecular structures. This technique is essential for liquids that require
excessive pressures for complete atomization in centrifugal pressure nozzles. Furthermore,
ultrasonic atomization is an effective technique for generating small droplets (Barreras et
al., 2002).

The different mechanisms of ultrasonic atomization involve the rupture of capillary surface
waves and the formation of cavitation bubbles (Barreras et al., 2002; Broniarz-Press et al.,
2015; Lang, 1962). However, the interaction between these mechanisms and the conditions

or situations in which one could predominate over the other in atomizing the liquid remains
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uncertain. Figure 2.23 shows the disintegration of non-Newtonian liquid during ultrasonic
inhalation (Broniarz-Press et al., 2015). It shows clearly the atomization mechanism based
on capillary waves theory. The continuous application of ultrasonic vibrations makes the
capillary waves on the liquid surface unstable. This situation leads to the breakup of the
unstable crest waves into droplets. Some droplets can be seen to be connected with

ligaments before being completely detached into smaller droplets.

Two different approaches can be applied to generate the droplets (Barreras et al., 2002).
One of the methods is to permit the flow of liquid passing across a standing ultrasonic

wave. Another approach is to deposit the liquid over an ultrasonic transducer.
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Figure 2.23 The mechanism of atomization of non-Newtonian
liquid by ultrasonic inhaler (Broniarz-Press et al., 2015).

2.5 Summary

Over the years, the understanding of the atomization process that occurred during spray
drying has been progressing well. A number of previous studies have attempted to
characterize and explain the atomization mechanisms starting from dripping to breaking up
into smaller micron-size droplets. These findings are being well-utilized up to this date

when dealing with atomization or spray drying process. Despite the in-depth and well-
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establish mechanisms of the atomization process, they have all been based on Newtonian
liquids, or more specifically water. Newtonian liquids behave relatively simple compared
to non-Newtonian liquids which allows the use of common nozzles or atomizers to achieve
a successful atomization process for the Newtonian liquids. This explains the intensive use
of simple pressure nozzles and rotary atomizers for industrial-scale processes. The
intensive and demanding use of the simple pressure and rotary atomizers due to the
successful applications with Newtonian liquids, possibly contributes to the common
approach nowadays, in which these basic nozzles are being used to atomize non-Newtonian
liquids. This approach, which is also being practiced by the industry, is regrettably

unsuccessful as has shown in several studies mentioned in the literature review.

This dissertation aims to highlight the state of art in which the type of nozzle is being
selected after a thorough and in-depth study on the rheology of the non-Newtonian liquid
used. Addition of fibres as a drying aid into a fruit juice creates a non-Newtonian liquid,
and this finding is well-established in several previous studies. However, these studies have
failed to investigate the behaviour or rheology of the fibre suspensions specifically at
conditions similar to those inside a nozzle or during atomization. No study has yet been

conducted to atomize non-Newtonian fibre suspensions.
The main purposes of this research are to:

1) To first and foremost, characterize the behaviour or rheology of the fibre
suspensions. The results of this investigation will assist in determining the limiting
factors that affect the atomization performance.

2) To atomize or spray the fibre suspension using selected nozzles. The results from
the rheology study will significantly contribute in the decision making for nozzle
design. A new nozzle design is not necessary, but it is important to know which
type of nozzle is best suited for fibre suspension applications.

3) To study the performance of the selected nozzle by variations in liquid properties
and operating conditions. This includes the attempts to improve the atomization or
the nozzle performance.

4) To study the possibility of using the selected nozzle for future work i.e. in pilot-

scale or industrial-scale trials.
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Chapter 3 General materials and method

3.1 Introduction

This chapter describes the materials and methodologies used throughout the study divided
into four major sections. Section 3.2 describes the selection of the commercially available
fruit juice and food fibres used. Section 3.3 describes the preparation procedure of the fibre
suspensions. Section 3.4 explains in depth about the measurements of the physical
properties of the fibre particles and fibre suspensions. Lastly, Section 3.5 explains the

experimental arrangement and setup during the rheology and atomization studies.

3.2 Selection of materials

A single type of fruit juice was used throughout the study. A range of insoluble fibres with
different length and aspect ratios, commonly used in the food industry and available in New

Zealand, were selected.

3.2.1 Concentrated apple juice

Concentrated apple juice was used throughout the study for two reasons:

1. Apple fruit or juice is consumed and produced more regularly in New Zealand
compared to other types of fruit juices.
2. In the spray drying application, concentrated juice is used as compared to dilute

one.

A 60 °Brix (as specified by the supplier) concentrated apple juice supplied by Cedenco
Foods (Hawkes Bay, New Zealand) was used. The total solid content of the concentrated
apple juice was measured again inside the laboratory using an oven-heating technique. Five
samples of the concentrated apple juice were left inside an oven for 24 hours at 105 °C.
The mass of the concentrated apple juice before and after the drying was measured. The
results are tabulated in Table 3.1. A high-performance liquid chromatography (HPLC)
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technique was performed by Sebastian Linnenkugel on a similar concentrated apple juice

sample. The components identified in the concentrated apple juice based on the HPLC

technique are tabulated in Table 3.2. The amount of each component identified was

compared with the average value from 92 commercial apple juice concentrates (Elkins et

al., 1996).

Table 3.1: Total solid content of the concentrated apple juice measured using the oven-

heating technique.

Concentrated apple

Total solid content (%)

juice sample
Sample 1 65.0
Sample 2 64.8
Sample 3 64.5
Sample 4 64.3
Sample 5 64.5

Table 3.2: Solid compound identified in the concentrated apple juice based on high-
performance liquid chromatography (HPLC) technique performed by Sebastian

Linnenkugel.

Solid compounds

Amount of identified solid compound (%)

Concentrated apple juice
used in the study

Average of 92 commercial
apple juice concentrates

Fructose 68.0 52.8
Glucose 15.0 21.0
Sucrose 14.0 144
Sorbitol 2.0 3.5
Citric acid - 0.1
L-malic acid 1.0 4.0
95.7

Total 100 (The rest was made up of

minerals, polyphenolics
and amino acids)
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3.2.2 Food fibres

Four types of insoluble food fibres commercially available in New Zealand were chosen
on the grounds that they differed in length and aspect ratio. These were: Apple Fibre 400-
30 (AF 400-30), Wheat Fibre 101 (WF 101), Wheat Fibre 600 (WF 600) all supplied by
IMCD New Zealand Limited (Auckland, New Zealand) and citrus fibre supplied by
Hawkins Watt (Auckland, New Zealand).

3.2.2.1 Size characterization of the fibres

A light microscopic technique was employed to determine the length distribution of all
fibres. All fibre particles were stained with safranin and washed with MilliQ water
afterwards. The stained fibres were resuspended in water to ensure a good separation
between particles under the microscope. All fibre suspensions were photographed at a
suitable magnification using an Olympus BX53 microscope (Tokyo, Japan). Image analysis
software, Digimizer (Ostend, Belgium) was used to measure the length and diameter of
each fibre. An average of 30 images was analysed for each fibre type. Examples of

microscope images of different fibres are shown in Figure 3.1(a-d).

Figure 3.2 shows the length distribution of fibre particles. AF 400-30 and WF 101 fibres
had an average length of 30 um and 50 pm, respectively. Meanwhile, WF 600 and citrus
fibres had an average length of 100 um and 200 pm respectively. Diameter of the fibres
did not vary much within and between fibre samples with an average diameter ranging
between 10-20 um. Aspect ratio is the length to diameter of the fibres. All fibres length and

aspect ratio are summarized in Table 3.3.
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(a) AF 400-30 (b) WF 101
(c) WF 600 (d) citrus fibre

Figure 3.1 Light microscope image of fibres after staining with safranin (a) AF 400-30
(b) WF 101 (c) WF 600 (d) citrus fibres. The length of the scale bar is (a) 20 pum (b-d)
100 pm.
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Length distribution (% per pm)
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Figure 3.2 Fibre length distribution generated using the combination of Olympus
BX53 microscope and Digimizer software. (—) AF 400-30 (---) WF 101 (---) WF
600 (---.--) citrus fibres.
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Table 3.3: Summary of fibre lengths and its corresponding aspect ratio.

Number-based

Types of fibres Supplier average fibre length  Mean aspect ratio
(Hm)
Apple Fibre
400-30 (AF 400- IMCD New 30 2_3
Zealand Limited
30)
Wheat Fibre 101 IMCD New 50 5_1
(WF 101) Zealand Limited
Wheat Fibre 600 IMCD New
(WF 600) Zealand Limited 100 8-10
citrus fibre Hawkins Waltt, 200 8-10

New Zealand

3.3  Test liquid construction

During the early stages of the study where most of the work done involved the
characterization of the rheology of the fibre suspensions, different concentrations of fibre
suspensions were used. These concentrations ranging between 1.0 wt.% to 10.0 wt.%.
During the atomization studies of the fibre suspensions, only 5.0 wt.% of fibre

concentration was tested.

Different concentrations of fibre suspensions were prepared by mixing the fibre powders
into the 60 °Brix concentrated apple juice at 20 °C and continuously stirred until complete

dispersion was achieved. All mixtures were prepared immediately before conducting a test.

3.4  Physical properties of materials

This section describes the measurement methods of the physical properties of the fibres,

apple juice and fibre suspensions. The properties explained in this section include the
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density and surface tension presented in Section 3.4.1 and 3.4.2 respectively. These

properties will affect atomization performance as discussed in the literature review.

3.4.1 Density of apple juice, fibres and fibre suspensions

The bulk density of the apple juice and fibre suspensions were measured based on the mass
per volume method. Each solution was poured into a measuring cylinder and the weight
was recorded by a weighing scale while the bulk volume was read from the cylinder. Five
repeated measurements were performed. The density of the apple juice was 1370 + 1.85
kg/m?® while the average density of the fibre suspensions was 1420 + 1.25 kg/m®. The
density of different fibre suspensions at different concentration does not vary much with

each other with a maximum difference of 2%.

The density of fibre particles was measured using a helium gas pycnometer, AccuPyc Il
1340 V1.09 (Micromeritics, Norcross, USA). The pycnometer measures the volume of
porous particles using Archimedes principle of fluid displacement and Boyle-Marriot’s law
of volume-pressure relationships (Tamari, 2004). The ultrapycnometer with ~ 100 cm?®
blank vessel was calibrated using helium gas under ambient temperature and pressure. The
volume of the blank vessel was recorded. After that, the pycnometer was first tested using
a calibration ball of 51.1080 cm? by placing the ball inside a sample vessel which has the
same volume as the blank vessel. These vessels were located side by side. The blank vessel
was connected to an air compressor by valve 1 and the sample vessel was connected to the
blank vessel by valve 2. The sample vessel with ball inside was then pressurized to a
pressure above the ambient condition until a constant pressure was recorded, then pressure
was released back to below the ambient condition until a constant pressure was achieved.
These processes were controlled by valves 1 and 2. The system returned to ambient pressure
afer the gas was released from both vessels. At the end, the pycnometer showed the volume
of the ball based on the recorded pressure and volume of the blank and sample vessels by

following Boyle-Marriot’s law, Equation 3.1.

PV, = P,V, Equation 3.1
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where P (Pa) is the pressure inside the vessel and V (cm?®) is the volume of the vessel. Ten
pressure cycles were performed, and the recorded volumes of the calibration ball are
tabulated in Table 3.4.

Table 3.4: Experimental measured volume for 51.11 cm? calibration ball.

Run Volume (cm?®)
51.08
51.08
51.10
51.11
51.11
51.11
51.11
51.11
51.10
51.11
Average 51.10

©O© 00 NOoO Ol b WN -
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o

Fibres which had been kept in a desiccator overnight were placed into the sample vessel
for density measurement. The weight of the fibres was determined beforehand using a

weighing scale while the volume was recorded from the pycnometer.
Density of fibre particles = Weight of fibres/Volume of fibres Equation 3.2

Five pressure cycles were performed. The densities of different fibre particles are tabulated
in Table 3.5. The densities of all fibre particles shown in Table 3.5 determined by gas
pycnometer were less than the reported density of pure cellulose. The absolute density of
pure cellulose and pure lignin were reported as 1.59 g/cm?® (Meredith, 1956) and 1.40 g/cm?®
(Walker, 2006) respectively. WF 101 and WF 600 fibres had the closest densities value to
pure cellulose, suggesting that these fibres mostly made up of cellulose. Meanwhile, it is
suggested that AF 400-30 and citrus fibres had less cellulose and more lignin content when
compared to WF 101 and WF 600 fibres, that contributed to the lower measured density.
Besides that, it is also possible that the presence of porosity and impurities resulted in the
lower density of AF 400-30 and citrus fibres (Mwaikambo & Ansell, 2001). This behaviour

is commonly seen in most plant fibres where the density lies between 1.4 — 1.5 g/cm®.
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Table 3.5: Density of different fibre particles measured using a gas pycnometer.

Run Density (g/cmq)
AF 400-30 WF 101 WF 600 citrus fibre
1 1.47 1.56 1.57 1.51
2 1.47 1.56 1.57 1.51
3 1.47 1.57 1.57 151
4 1.47 1.57 1.56 151
5 1.47 1.57 1.56 151
Average 1.47 1.57 1.57 1.51

3.4.1.1 Conversion from weight fraction to volume fraction of fibre suspensions

Weight fraction (wt.%) of fibre suspensions is being used throughout the discussion. The
conversion from weight fraction to volume fraction (vol.%) was carried out purposely to
obtain the maximum volume fraction allowable inside the concentrated apple juice, based
on Krieger-Dougherty and Maron-Pierce relations, as shown in Section 4.1.3. For a specific
weight of fibres used, the volume of the fibres was acquired based on the density of the
fibres found in Table 3.5. A graph that shows the relationship between the weight fraction

and its corresponding volume fraction of each type of fibres is shown in Figure 3.3.
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Figure 3.3 A plot of vol.% against wt.% of fibre suspensions. (o, blue) AF 400-30, (o,
green) WF 101, (0, red) WF 600 and (%, black) citrus fibre together with the linear trendline.

3.4.2 Surface tension of apple juice and fibre suspensions

Surface tension can be measured in several ways including Wilhelmy plate, Du Nody ring,
bubble pressure, sessile drop and falling methods. Each method has its own advantages and
drawbacks. In this study, it was intended to either use the Wilhelmy plate or Du Nody ring
method. The approach was taken due to the nature of the concentrated apple juice and fibre
suspensions. Both solutions exhibited high viscosity compared to water. Bubble pressure
method works by generating gas bubbles and blows them through a capillary which is
submerged in the sample liquid. The measurement of the surface tension is based on the
known pressure inside of the gas bubbles as they emerge from the capillary into the liquid
sample. The formation of the bubbles, however, may become abnormal due to the high
viscosity of apple juice and fibre suspensions especially. This, in turn, will affect the final
surface tension values. Hence, it is suggested that the measurement of surface tension using
the bubble pressure method should be avoided. Meanwhile, the pendant drop method is
unsuitable because it works by using a needle to suspend a drop. The shape of the drop then

is used to calculate the surface tension. This method is especially inappropriate for fibre
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suspensions as the fibre particles are large enough to not fit into the needle. The drop

suspended then may not be the representative of the fibre suspensions.

In these experimental measurements, the Wilhelmy plate method was employed using a
commercial apparatus Kriiss K12 Tensiometer (Kriiss GmbH, Hamburg, Germany). This
method used a vertical platinum plate with known geometry that had been roughened to
improve its wettability. The lower edge of the plate was brought into contact with the liquid
surface and the ‘Wilhelmy’ force was measured by moving the plate up to the level of the
liquid surface, as shown in Figure 3.4. The surface tension of the liquid was then calculated
from the measured force using Equation 3.3.

o=t Equation 3.3

- ly cos@

where o (mN/m) is the surface tension, B,, (mN) is the measured Wilhelmy force, [,, (M)
is the wetted length and 8 (°) is the contact angle between the tangent at the wetting line
and the plate surface. & was assumed to be zero since the plate surface has been treated to

improve the wettability.

I F = Force [mlN/m]

Plate made of
roughened Pt

L = Wetted Length [ram]

9= contact angle

0 = 0° for most
liquids against platinura

Figure 3.4 Factors affecting the surface tension calculation of the Wilhelmy plate
method. (Image taken from the Kriiss K12 Tensiometer Manual).
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The overall movement of the plate during the measurement is depicted in Figure 3.5. For
each measurement, a 30 mL solution was poured into a container and placed in a jacketed
measurement vessel. A clean Wilhelmy plate was then inserted into the balance. The vessel
was raised until the lower edge of the plate was levelled with the liquid as shown in Step
2. The remaining movements of the plate shown in Step 3 and 4 were being controlled

automatically by the Kriiss K12 Tensiometer.

StcL 1 Step 2 Step 3 Step 4

Figure 3.5 Overall movement of the plate during the measurement of surface tension based on
Wilhelmy plate method. (Image taken from the Kriiss K12 Tensiometer Manual).

3.4.2.1 Surface tension results and discussion

A series of measurements were taken for water at 20 °C as shown in Table 3.6. The average
measured surface tension value of water was 72.4 + 0.01 mN/m, which is very similar to
the literature value of 72.7 mN/m at 20 °C (Vargaftik et al., 1983) (Appendix A).
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Table 3.6: Surface tension value of water measured at 20 °C.

Measurement Surface tension
interval (s) (mN/m)

0 72.5
10 72.4
20 72.4
30 72.4
40 72.5
50 72.4
60 72.4
70 72.4
80 72.4
90 725

A series of measurements were performed on concentrated apple juice, 3.0 wt.%, 5.0 wt.%
and 7.0 wt.% of different types of fibre suspensions at 20 °C. The measured surface tension
values for water were approximately constant over time as shown in Table 3.6. In contrast,
the measured surface tension values for concentrated apple juice and all types of fibre
suspensions decreased over time as shown in Figure 3.6. This is strongly suspected to be
due to the high viscosity of the solutions compared to water. With the high viscosity of the
concentrated apple juice and fibre suspensions, it is suggested that a liquid film was formed
that stuck to the plate. This caused an increase of load detected by the force measuring
system which then translated into an increase in the measured surface tension value. The
film eventually flowed back into the sample vessel over time and the measured surface
tension value decreased. As shown in Figure 3.6, both concentrated apple juice and fibre
suspensions showed a significant major decrease in the surface tension betweent=0tot =
30s. Aftert=30sand up to t =270 s, the decrease in the surface tension was not as obvious
as in the decrease betweent = 0to t = 30 s. It is suggested that betweent =0and t =30 s,
the surface tension readings were affected by the high viscosity film that formed on the
plate. It was preferred to use a single surface tension value throughout the study for both
concentrated apple juice and fibre suspensions. A single surface tension value was obtained

by averaging the surface tension values between t = 30 s and t = 270 s. The surface tension
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between t = 0 to t = 30 s was excluded because the measurement was highly affected by
the liquid film that stuck to the plate.

Three different measurements were performed for each liquid. The average surface tension
value of concentrated apple juice was 64.7 + 0.30 mN/m which is lower than water. Based
on the high-performance liquid chromatography (HPLC) test performed by Sebastian
Linnenkugel to identify and quantify components in the concentrated apple juice as
explained in Section 3.2.1, the content of the apple juice was higher in fructose compared
to glucose and sucrose with 68%, 15% and 14%, respectively. The surface tension of the
apple juice depends on the composition of the sugar mixtures inside. Based on the study by
Montafiez-Soto et al. (2013), fructose caused a greater decrease in the surface tension of
water, followed by sucrose and then glucose. This is because the intermolecular interactions
between molecules of glucose are stronger than between molecules of sucrose and fructose,
which is why fructose is the most soluble of these sugars. So, a higher concentration of
fructose may result in a greater reduction in the surface tension of the concentrated apple
juice. However, a separate study by Adhikari et al. (2007) showed the opposite. Fructose
solutions showed a greater surface tension than water at all concentrations between 10 —
70%. This is because the cohesive strength of the water molecule is mainly due to hydrogen
bonds and the number of these hydrogen bonds in water increases with the addition of
fructose. A similar observation was obtained by Weast et al. (1988) with sucrose solutions.
Since the concentrated apple juice which was made up of fructose and sucrose showed a
lower surface tension value than water, it is highly possible that a surface-active agent or
surfactant was presented inside the concentrated juice. However, at this stage, it is unknown
which element inside the concentrated apple juice acted as the surfactant.

Three different measurements were performed for each fibre suspensions. As shown in
Figure 3.6, at a similar fibre concentration of 5.0 wt.%, insignificant differences between
the surface tension values of AF 400-30, WF 101, WF 600 and citrus fibre suspensions
were observed. The surface tension of different types of fibres suspensions overlapped with
each other at each time interval. In addition, Figure 3.7 which shows the average surface
tension values for fibre suspensions at different concentrations, no clear trend between the
surface tension and fibre concentrations was obtained. The surface tension values were
scattered with minimum and maximum being 66.28 mN/m and 67.30 mN/m respectively.
The scattering of the data may be due to the fact that the change in the surface tension of

the concentrated apple juice with small changes in the concentration of fibres was so small
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that the error involved in making the measurements obscured any regular trend. The
average surface tension for each fibre suspensions is tabulated in Table 3.7. It was decided
to average the scattered values of surface tension from Table 3.7 or Figure 3.7. This final
average surface tension value will be used as a representation for all fibre suspensions at
different concentrations used throughout this study. The final average surface tension value

of fibre suspensions was 66.8 + 0.09 mN/m.
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Figure 3.6 Surface tension profile of concentrated apple juice and fibre suspensions at 20

°C. (®) Concentrated apple juice, (0) 5.0 wt.% AF 400-30, (o) 5.0 wt.% WF 101, (¢) 5.0
wt.% WF 600 and (x) 5.0 wt.% citrus fibre suspensions.
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Figure 3.7 Average surface tension values of fibre suspensions at 3.0 wt.%, 5.0 wt.% and
7.0 wt.% fibre fractions calculated by averaging the surface tension at a time interval of 30
s —270 s. (o, blue) AF 400-30, (o, green) WF 101, (0, red) WF 600 and (%, black) citrus
fibre suspensions.
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Table 3.7: Tabulate data of the surface tension of each fibre suspensions at 3.0 wt.%, 5.0
wt.% and 7.0 wt.%, as depicted in Figure 3.7.

Fibres type Fibre fraction Surface tension
(wt.%) (mN/m)

3.0 67.0 £ 0.33

AF 400-30 5.0 66.5 + 0.41

7.0 67.3 £ 0.29

3.0 66.9 £ 0.35

WF 101 5.0 66.7 + 0.29

7.0 67.2 £ 0.36

3.0 66.3 £ 0.28

WF 600 5.0 66.7 + 0.13

7.0 66.7 £ 0.26

3.0 66.7 £ 0.23

CF 5.0 66.9 + 0.26

7.0 66.5 £ 0.31
Minimum surface tension (mN/m) 66.3
Maximum surface tension (mN/m) 67.3
Average (mN/m) 66.8

3.4.2.2 Effect of temperature

Single measurement was taken for surface tension at different temperatures for water.
Initial tests on water gave reproducible results when compared to the literature value
(Appendix A), specifically being 71.3 mN/m at 30 °C, 69.5 mN/m at 40 °C, 67.9 mN/m at
50 °C and 66.2 mN/m at 60 °C. Similar to the surface tension of fibre suspensions at 20 °C,
a series of measurements were taken for surface tension at other temperatures ranging
between 20 °C and 70 °C and the average surface tension value at each temperature reading
were then obtained by averaging the values between t = 30 s and t = 270 s. Figure 3.8
reports the surface tension of 5.0 wt.% WF 600 fibre suspension at different temperatures.
Investigations on the effect of temperature were only performed on 5.0 wt.% WF 600 fibre
suspension. The data was used in a further analysis on the effect of temperature during

atomization.
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Figure 3.8 Surface tension of 5.0 wt.% WF 600 suspensions as a function of temperature.

3.5 Experimental methods

3.5.1 Rotary rheometer

Rheology tests were performed using a stress-controlled rheometer, model MCR 301
(Anton Paar GmbH, Graz, Austria), equipped with a coaxial cylinder. This MCR series
rheometer was used in two different modes. Rotational mode was set during the steady
shear rheology test while oscillatory mode was used to examine the small amplitude
oscillatory shear properties. Cup and bob geometry were utilized throughout the study. To
prevent wall slippage, the gap between the cup and bob, H, was varied in the range 0.30 —
2.0 mm depending on the fibre particle length. Specifically, the gap was set to be 10 times
larger than the size of the fibre particle.

During the shear flow curve tests, the shear rate was increased step-by-step from 0 to 1000
st and the change of viscosity was observed at the rate of 0.25 min/viscosity point. Three
different measurements were performed for each sample. Shear viscosity measurements
were carried out at temperatures of 20 °C, 25 °C, 30 °C, 35 °C and 40 °C. The results for

these experiments are given in Section 4.1.
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The main purpose of conducting the oscillatory test was to obtain the linear viscoelastic
properties of the fibre suspensions. During the small amplitude oscillatory tests, the angular
frequency was increased from 0.1 rad/s to 100 rad/s. Throughout the study, all tests were
conducted in the linear viscoelastic region, which was found to be valid at 0.1% strain.
Oscillatory tests were carried out at temperatures of 20 °C, 25 °C, 30 °C, 35 °C, 40 °C, 45
°C, 50 °C, 55 °C, 60 °C, 65 °C and 70 °C. The results for oscillatory measurements are
presented in Section 5.1.

3.5.2 Capillary viscometer

As explained in Section 3.5.1, the shear viscosity measurements using a rotary rheometer
was possible up until 1000 s shear rate only. A in-house built capillary viscometer was
used to obtain the measurements at shear rates greater than 1000 s and up to 20 000 s.
Large, medium and small diameter capillary tubes were operated in the range of shear rates
500 s < 8V/D < 20 000 s, where D (m) is the tube diameter and V (m/s) is the average
velocity inside the tube. However, 8V/D is the shear rate at the wall for Newtonian fluids
only, and the true shear rate that accounts for non-Newtonian behavior of a liquid was used
throughout the study when using the capillary viscometer. For non-Newtonian liquids with
a power-law index, n, the true shear rate is given in Equation 3.4, where Q, (mL/min) is
the liquid flow rate (Fredrickson, 1964).

y = (8V/D)[(3n + 1)/4n] Equation 3.4

The large, medium and small tube diameters were 9.2 mm, 5.0 mm and 3.2 mm
respectively. A differential pressure transmitter (Endress+Hauser, Reinach, Switzerland)
was used to obtain the pressure drop across two points on each capillary tube while a
volumetric flow meter transmitter (Endress+Hauser, Reinach, Switzerland) was used to
obtain the volumetric flow rate. Measurements were undertaken at the same flow rate with
capillaries with the same diameter, but one was twice the length of the other. The pressure
reading of the shorter capillary was then subtracted from the longer. By doing this the entry
and exit effects where subtracted thus leaving only the pressure drop in capillary. The

capillary was calibrated with a Newtonian fluid of known viscosity in the range of the fibre
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suspensions (corn syrup solutions typically). The results and discussion are presented in
Section 4.2.

3.5.3 Capillary breakup extensional rheometer

There are few well-known methods that can be used to quantify the extensional effects of
a fluid. These are the Filament Stretching Extensional Rheometer, FISER™ (Cambridge
Polymer Group, Boston), the Capillary Breakup Extensional Rheometer, CaBER™
(Cambridge Polymer Group, Boston and Haake) and the Cambridge Trimaster (Hallmark
et al., 2016; Sachdev et al., 2016). These devices measure the necking of an extensionally-
strained fluid filament as a function of time. The CaBER was first developed by McKinley
and co-workers at MIT in conjunction with Cambridge Polymer Group. Conventional
extensional rheometers are heavy, delicate and expensive. There was, therefore, a need for
a portable device for measuring extensional behaviour. The first lightweight portable
extensional rheometer was built by Collett et al. (2015). The portable rheometer works by
monitoring the dynamics of a breakup of fluid filament following a short, rapid, extensional
deformation. One can obtain information about the relaxation time, the extent of non-
Newtonian behaviour and the time to break up for the fluid. The relaxation time parameter
is of important value in atomization applications. Figure 3.9 shows the operation of the
portable extensional rheometer (Hallmark et al., 2016). More theory and explanations on
the extraction of relaxation time parameter from the portable extensional rheometer is

presented in Section 5.2.

94



Chapter 3

p Dp =
A :
(@) (b)
Dp—> ﬂ — D(t)
(c) (d)

Figure 3.9 Diagram showing the CaBER operation. (a) A sample is loaded between
pistons (b) The top piston moves upwards (c) A filament is formed with initial mid-point
diameter Do (d) The filament thins until breakup. Image is reproduced from Hallmark et
al. (2016).

3.5.3.1 Building of our own portable extensional rheometer

The portable extensional rheometer used throughout the study was designed and built in-
house at Massey University based on the works by Hallmark et al. (2016). The portable
extensional rheometer consisted of two parallel pistons of diameter, D, 4 mm separated
by an initial gap of length, L,, 1.5 mm. A liquid sample was loaded into the gap and the top
plate was pulled apart rapidly to a final gap, Lf, 4.0 mm to impose an extensional
deformation on the liquid sample. The portable extensional rheometer was built around a
battery-powered solenoid that was capable of applying an abrupt stretch to a sample of fibre
suspensions placed between the two 4 mm pistons thus creating an extensional field. The
solenoid used was a Model 8.02.13.72 (HE & BS Benson Ltd). A small screw placed on
the top of the solenoid was used to adjust the maximum travel of the top piston. The
solenoid was housed on the upper body of the portable extensional rheometer and attached
to the top piston while the bottom piston remained stationary and was mounted in the lower
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body. The vertical adjustment of the upper body was possible via a knob. The knob can be

securely locked using a small screw attached on its side.

The portable extensional rheometer was attached to an aluminium profile, onto which was
also attached the lens support. A high-speed camera, XIMEA MQO03MG-CM (XIME
GmbH, Minster, Germany) capable of up to 500 frames per second at a resolution of 640
x 480 pixels and a parfocal lens, Leica Monozoom 7 (Artisan Technology Group, IL, US)
were used to carefully monitor the change in the filament diameter at the portable
extensional rheometer. A set of coding was generated using MATLAB™ (2015b) software
to digitally analyse the measurement of the filament diameter in each frame captured by
the high-speed camera. The overall setup is shown in Figure 3.10. An example of the
MATLAB coding was attached in Appendix B.

96



Chapter 3

Solenoid

4 mm top and

Contol knob bottom pistons

(b)

Parfocal lens

High-speed
camera

Figure 3.10 (a) Close-up view of the portable extensional rheometer (b) Photograph of the whole
setup including camera, lens and the portable extensional rheometer.
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3.5.3.2 Validation of the portable extensional rheometer

The validation of the portable extensional rheometer is necessary to justify the reliability
in measuring the extensional properties. The validation was carried out based on two

experimental approaches as explained below:

1) A series of measurements of piston positions as a function of time was performed
to ensure the repeatability and accuracy of upper piston movement. This will ensure
the uniform velocity profile of the upper piston for a specific displacement in
different experiments. A plot of piston displacement over time is shown in Figure
3.11.

2) A series of identical filaments thinning experiments were carried out using a
Newtonian oil viscosity standard (Cannon Instrument, PA, USA). The aim was to
evaluate the reliability of the portable extensional rheometer to reproduce results

from the literature.

Figure 3.11 shows the displacement of the upper piston at every 2 ms for five similar tests
done separately on the portable extensional rheometer. A statistical analysis using SPSS
Statistics was performed afterwards. Based on an intra-class correlation coefficient (ICC)
test which was performed to evaluate the reproducibility of the piston movement, more
than 0.9 correlation coefficients were obtained as shown in Table 3.8, which suggests that
the portable extensional rheometer exhibited a high inter-run reliability between the five
runs performed. This indicates that the reproducibility of the piston position, thus velocity,
was excellent and the portable extensional rheometer was reliable enough to be used

throughout the study.
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Figure 3.11 Evolution of piston displacement for five similar tests performed on the
portable extensional rheometer. (¢) run 1 (w) run 2 (A) run 3 (x) run 4 (e) run 5.

Table 3.8: Inter-run correlation matrix for the movement of the upper piston based
on Figure 3.11.
ICC coefficient Run 1 Run 2 Run 3 Run 4 Run 5

Run 1 1.000 0.998 0.999 0.999 0.999
Run 2 0.998 1.000 0.994 0.997 0.999
Run 3 0.999 0.994 1.000 0.999 0.998
Run 4 0.999 0.997 0.999 1.000 1.000
Run 5 0.999 0.999 0.998 1.000 1.000

Next, ten similar experiments on the portable extensional rheometer were carried out using
a Newtonian oil viscosity standard of 35.1 Pa.s. The values of the oil filament diameter
over time were recorded to calculate the viscosity. The methodology for calculating shear
viscosity from the portable extensional rheometer setup using Equation 3.5 is discussed in
detail by McKinley and Tripathi (2000).

AD _ (2X-1)a

” ” Equation 3.5
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Here, o (mN/m) is the surface tension, i, (Pa.s) is the Newtonian viscosity, AD /At (mm/s)
is the gradient of the filament thinning profile and X is a correction factor termed the ‘shape
factor’ and is applied to Newtonian filament thinning with value of 0.713 (Papageorgiou,
1995). Based on Table 3.9, the average viscosity resulting from the ten experiments was
34.1 + 0.7 Pa.s, which was statistically the same as the quoted standard value of 35.1 Pa.s.
The variations of each experiment from the standard value also lied comfortably within the
range of + 10% which other authors have reported for extensional techniques (McKinley
& Tripathi, 2000).

Based on the two validation steps, the portable extensional rheometer that was built in-
house at Massey University, was suitable to be used to examine the extension rheological

properties of fibre suspensions.

Table 3.9: Calculated viscosity values for 35.1 Pa.s standard Newtonian oil.

Experiment Viscosity (Pa.s) Variations from standard value
1 324 7.9%
2 32.2 8.4%
3 37.5 -6.9%
4 37.3 -6.2%
5 36.0 -2.5%
6 32.6 7.1%
7 32.9 6.4%
8 32.8 6.5%
9 34.4 2.0%
10 33.0 6.1%
Average 34.14+0.7
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3.5.4 Atomizer and Spray Setup

3.5.4.1 Two-fluid nozzle

A two-fluid (fluid cap 60100, air cap 120) based on external mixing was acquired from
Spraying System New Zealand Limited (Auckland, New Zealand). The configuration of
the nozzle is shown in Figure 3.12 along with the mixing region. In this work, a two-fluid
nozzle was chosen for the atomization of fibre suspensions based on the following reasons:

1) The fibre suspensions exhibit extensional properties as discussed in Chapter 5.
Previous work has shown that a common nozzle used in the industry such as a high-
pressure nozzle, is not suitable to atomize extensional liquids, as discussed in
Section 2.3 (Thompson and Rothstein, 2007; Stelter et al., 2002). Besides that, a
visit to a well-known spray drying company; GEA Niro, at Copenhagen, Denmark
has revealed that working with polymer solutions, a rotary atomizer usually fails in
atomizing the extensional liquids (H. Schwartzbach, M. Reck, Sara, Jesper and
others, personal communication, October 12, 2017).

2) The energy from the high-velocity air in the two-fluid nozzle is required to
effectively atomize the fibre suspensions which exhibited extensional resistance.

More discussion can be found in Chapter 6.

In general, the mechanism that occurs during a two-fluid atomization is one of a high-
velocity air creating high frictional forces over liquid surfaces causing disintegration of the
liquid into droplets (Masters, 1979). Marmottant and Villermaux (2004) have explained the
mechanism of two-fluid atomization in more detail. Using a two-fluid nozzle and working
with a Newtonian liquid, the overall breakup process was described by a sequence of
instabilities. The liquid jet first experienced a high shear rate at its surface induced by the
surrounding high-velocity flow of air. This led to the generation of waves on the jet surface.
As the waves grew, the acceleration of the high-velocity air elongated ligaments of the
liquid into the air stream. These stretched ligaments thinned down in the neck region and
ultimately detached from the jet. After that, the detached ligaments fragmented and
stabilized into smaller droplets. The mechanism of the atomization has been explained in

more details in the literature review and discussion sections.
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Figure 3.13 highlights the individual parts of the two-fluid nozzle which consisted of a fluid
cap and an air cap. In the fluid cap, the diameter of the round liquid orifice (D;) was 1.50
mm. The two-fluid nozzle used had an annular air orifice of diameter (D;) and outer
diameter (D,) of 2.54 mm and 3.00 mm respectively. The liquid flow was supplied by a
gear pump and measured using a graduated cylinder and stopwatch. The air flow rate was
monitored using a pressure regulator and a rotameter. Spray tests were conducted at room
temperature of 2041 °C and in atmospheric air. The schematic diagram of the nozzle setup

is shown in Figure 3.14.

Some of the tests required the atomization to occur at temperatures greater than 20 °C and
up until a maximum of 70 °C. The setup for the high-temperature atomization was exactly
similar as in Figure 3.14, except that a 16 ft long heating tape was attached along the
pipeline between the liquid tank and the inlet of the two-fluid nozzle. The heating tape
(HTS/Amptek Co., Texas, USA) and a temperature sensor were both connected to a similar
temperature controller. The temperature sensor probe was inserted into the pipeline near
the two-fluid nozzle by making a hole so that the temperature sensor can accurately

measure the temperature of the liquid inside the pipeline.

Air Liquid
Inlet Inlet
Retainer Cap —43
4 Fluid Cap

Air Cap

(external mix)
(a) Parts included in the two-fluid (b) Mixing of liquid and air
nozzle system outside of the orifice

Figure 3.12 Configuration of the two-fluid nozzle and the mixing region. (Image
taken from Spraying System New Zealand Limited magazine).
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(@) Fluid cap (code: 60100)

(b) Air cap from different angles (code: 120). (left
image) top view of the air cap (right image) side
view of the air cap

Figure 3.13 Two-fluid nozzle components. (Image taken from Spraying
System New Zealand Limited magazine).
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Figure 3.14 Schematic diagram of the whole spray setup which includes the liquid and air supply
connections to the two-fluid nozzle. The dry air was supplied at 20 °C.
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3.5.4.2 Ultrasonic-modulate two-fluid (UMTF) nozzle

Figure 3.15 shows the UMTF nozzle consisted of an annulus for airflow and an ultrasonic
nozzle (SONAER Inc., USA). The cross-sectional area of the annulus was the same as in
the two-fluid nozzle to allow for similar atomizing air velocity at any specific air flow rate.
Air was supplied through 4 openings which were situated opposite to each other. The
SONAER ultrasonic nozzle consisted of a central tube for liquid flow and a piezoelectric
transducer. The piezoelectric transducer received an electrical input at frequency 40 kHz
from a power generator Model FY2200S (FeelTech, Henan Province, China) and converted
the input electrical energy into mechanical energy of vibration. The voltage used in the
study was 100 volts peak to peak. The nozzle was geometrically configured such that the
excitation of the piezoelectric transducer created a standing wave called capillary wave at
the nozzle tip, where the tip diameter was 4.0 mm. Liquid was delivered to the nozzle tip
through a concentric hole of 1.0 mm diameter using a pumping setup in Figure 3.14. In
general, the mechanism that occurs during UMTF atomization is one of a capillary wave
travels axially along the jet in the direction of the liquid flow with its amplitude growing

due to the excitation of the transducer and is amplified by the air blowing around it.

Air supply

Nozzle trip I

Liquid feed

—

Figure 3.15 Ultrasonic-modulated two-fluid (UMTF) nozzle components which include the
ultrasonic body and air compartment. The components inside the ultrasonic body such as the
piezoelectric transducer is not shown in the image.
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3.5.5 Photography

3.5.5.1 Flash photography technique

A high-intensity light source and a camera (MS85K, Mega Speed), equipped with a lens
(Vivitar Series 1) were used for imaging atomization behaviour or spray breakup details. A
backlit setup was used, in which the spray was situated between the light source and a
camera so that the spray details such as liquid ligaments and droplets appeared dark on a
bright background. The flash photography technique was performed at two different
positions; at a position right after the nozzle exit and at a position 50 mm below the nozzle
exit. It is desired to observe the early stage atomization pattern near the nozzle exit while a
more complete atomization pattern or droplets was found at a position 50 mm below the
nozzle. The 50 mm position after the nozzle exit has been used by several authors
(Elversson et al., 2003; Nguyen & Rhodes, 1998).

1) Right after the nozzle exit or 10 mm below the nozzle.
Atomization behaviour at this position includes the early stage of atomization,
which includes the disturbed liquid jet, ligaments and filaments.

2) At a position 50 mm below the nozzle.
Droplet sizing was attempted using an optical technique at this position far below
the nozzle exit. It was desired to observe the droplets details including the size and
shape. At least 100 images were captured for each experiment which corresponds
to at least 1000 droplets observed and analysed.

A pulse generator (PM 5712, Philips) was connected to the high-intensity light source to
yield a short pulse duration of 10 ns. The pulsing of the light source was to illuminate and
‘freeze’ the ligaments and droplets in mid-flight while a camera situated directly opposite
to the light source captured the ligaments and droplets images through a far-field
microscope lens (Vivitar Series 1). Images of droplets were then digitally processed using
MATLAB image analysis to extract the data on droplet size. Appendix C shows in detail
the newly developed and written MATLAB image analysis which describes the
measurement procedures. The camera was mounted on a tripod to ease the changing and

positioning of the camera between different positions below the nozzle exit. Figure 3.16
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shows the schematic diagram of the flash photography setup that indicates clearly the

position of each equipment.

3.5.5.2 DSLR technique

A 60 mm micro lens and SB-910 speedlight were attached to a Nikon D90 camera. The

DSLR was used to capture the image of a whole spray for spray angle identification.

Liquid tank

Gear pump

Air supply

T

Pulse generator
Two-fluud
nozzle

PC

[ ]

2

Light

Camera

Figure 3.16 Schematic diagram of the flash photography technique.
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3.5.6 Malvern Mastersizer S

A Malvern Mastersizer (Model S, Malvern Instruments Limited, Malvern, Worcestershire,
UK) unit was modified to allow a spray to pass between the beam expander and the lens.
Specifically, a multi-channel nozzle was put at the front side of both the beam expander
and lens to act as a shield. Air was purged through the multi-channel nozzle to prevent
droplet deposition, especially on the lens, as this will affect the results generated by the
Malvern Mastersizer. A 1000 mm focal length lens was used with 10 000 sweeps. The
lower and upper obscuration boundaries were set at 2 and 50%. Beam alignment and
background signal measurement were checked between each measurement. The lens was
also cleaned after each measurement to ensure more accurate results. The spray was
positioned so that the laser beam was directed through the centre of the spray at a
longitudinal axis of approximately 50 mm below the nozzle. Figure 3.17 shows the
schematic diagram from the side view while Figure 3.18 shows a photograph of the

modified Malvern Mastersizer.
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Figure 3.18 Photograph of the modified Malvern Mastersizer S showing the position of
a multi-channel nozzle at the front of each lens and beam expander. (bottom left image)
Lens and (bottom right image) beam expander.
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3.5.7 Droplet size analysis

Throughout the study, droplet sizing results are presented using the D-values based on
volumetric mean diameters. D(v,10), D(v,50) and D(v,90) were generated for each
atomization run to acquire specific detail on the reduction in each individual D-value as
atomization condition changes. Droplets size results were obtained and compared by two

different methods:

1) Optical technique paired with Matlab image analysis as explained in Section
3.5.5.1.

2) Laser technique based on Malvern Mastersizer as explained in Section 3.5.6.

The D-values are the intercepts for 10%, 50% and 90% of the cumulative volume.
Specifically, D(v,10) is the diameter at which 10% of the sample’s volume is comprised of
droplets with a diameter less than this value. D(v,50) is defined as the diameter where half
of the sample’s volume has droplets with a diameter less than this value. Similarly, D(v,90)
is the diameter at which 90% of the sample’s volume contains droplets with a diameter less
than this value. Along with D-values, droplet size distributions were also acquired from the
Malvern Mastersizer technique. Overall, the discussion on the atomization performance in
Chapter 6 is based on D-values and droplets size distribution or span, supported also with

the images of the atomization behaviour and patterns.

3.5.8 Spraying into liquid nitrogen

To see the actual droplets of the fibre suspensions after the atomization without drying the
droplets, the fibre suspensions were sprayed into liquid nitrogen to freeze the droplets.
Liquid nitrogen was filled into a chilly bin and the spraying were directed into the chilly
bin. The frozen droplets were then picked up and put onto glass slides. The glass slides
used for the microscope observation were first frost inside a container filled with dry ices.
The frozen droplets were then examined under a microscope equipped with a temperature-
controlled mechanism. Specifically, the microscope area, which was the area where the
droplets were put to be observed, can be lowered to -20 °C by using liquid nitrogen. This
microscope equipped with a temperature-controlled mechanism was built by Jolin Morel

for a different project. Dry ices were also scattered on the microscope area. All these acts
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were carried out to keep the temperature as low as possible to prevent the frozen droplets

from melting once put under the microscope.

3.6 Conclusion

As a conclusion, Section 3.2 — 3.4 has outlined in detail the materials used in the study
together with the physical properties of the materials. The materials used in the study
includes a 60 °Brix concentrated apple juice and four types of fibres; AF 400-30, WF 101,
WEF 600 and citrus, with different length and aspect ratios. The aspect ratio of AF 400-30
and WF 101 fibres was 2 — 3 while the aspect ratio of WF 600 and citrus fibres was 8 — 10.
The density of these fibre particles ranging between 1.47 g/cm? to 1.57 g/cm?. Throughout
the study, a single average bulk density and surface tension were used to represent the
different types of fibre suspensions, at different concentrations. The average density and
average surface tension of the bulk fibre suspensions at 20 °C was 1420 kg/m® and 66.78

mN/m, respectively.

Other than the density and surface tension, the shear and extensional properties of the fibre
suspensions were also important. Section 3.5 outlined in detail the methods used to
investigate the shear and extensional properties. Other than that, the atomization setup is
also presented in detail in Section 3.5. The subsequent chapters; Chapters 4 and 5, explain
the shear properties and extensional properties of the fibre suspensions respectively, while

Chapter 6 explains the atomization of the fibre suspensions.
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Chapter 4 Shear rheology of fibre suspensions

4.1  Shear rheology

This chapter presents the experimental characterization of different types of fibre
suspensions that were made up of different aspect ratios; AF 400-30 and WF 101 with an
aspect ratio of 2-3 and WF 600 and citrus fibres with an aspect ratio of 8-10. Comparisons

were made with models of power-law, Krieger-Dougherty and Maron-Pierce.

Section 4.2.1 focuses on the rheology of the concentrated apple juice, Section 4.2.2 shows
the shear viscosity of fibre suspensions as a function of fibre fraction and aspect ratio,
Section 4.2.3 investigates the Krieger-Dougherty and Maron-Pierce relationships and
Section 4.2.4 examines the effect of temperature on the shear viscosity of the fibre
suspensions. Section 4.2.5 explains the combined effect of fibre fraction and temperature
on the shear viscosity of fibre suspensions.

4.1.1 Concentrated apple juice

The viscosity of the concentrated apple juice was measured for a range of shear rate from
0.1 s to 1000 s in a rotary rheometer. Figure 4.1 shows the viscosity curve for the
concentrated apple juice, as a function of shear rate. As shown in Figure 4.1, the viscosity
of the concentrated apple juice was constant and followed a Newtonian behaviour. The
average viscosity value of the concentrated apple juice was 0.29 Pa.s. Previously, Ibarz et
al. (1987) have reported a value of 0.24 Pa.s for a similar concentration of apple juice but
sourced and processed differently.

The aim of this study was not to spray and atomize concentrated apple juice. The
concentrated apple juice cannot be atomized and spray dried due to its low glass transition
temperature. Industrially, concentrated apple juice is usually spray dried by incorporating
maltodextrin as a drying aid to raise the glass transition temperature (Verma & Singh,
2015). Both the concentrated apple juice and concentrated apple juice mixed with
maltodextrin behave as simple Newtonian liquids (Manjunatha, & Raju, 2015). Although

it was not desired to atomize the concentrated apple juice or apple juice with maltodextrin,
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it is important to emphasize that the atomization of both liquids has been shown to be
achievable. Atomization of Newtonian liquids, such as water and apple juice mixed with
maltodextrin, are well-explored and well-understand and have been in practice for many
years. The introduction of fibres into the concentrated apple juice, changed the flow
characteristics from Newtonian to non-Newtonian.
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Figure 4.1 Viscosity curve for concentrated apple juice at shear rates up to 1000 s.

4.1.2 Fibre suspensions

In the case of fibre suspensions, all measurements conducted in a rotary rheometer were
the gap distance of the cup, H, was at least 10 times the fibre length, L. In this region, the
wall effect was assumed to be negligible. All type of fibre suspensions in concentrated
apple juice, when submitted to increasing shear, showed a non-Newtonian shear thinning

behaviour compared to the Newtonian behaviour of the concentrated apple juice by itself.
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Figure 4.2(a-d) shows the flow curves (shear stress against shear rate) for all 5.0 wt.% and
10.0 wt% AF400-30, WF 101, WF 600 and citrus fibre suspensions. Figures 4.3 and 4.4
shows the viscosity against shear rate curves for these fibre suspensions. As shown in
Figure 4.2(a-d), the slope of the shear stress versus shear rate curve was not constant as the
shear rate varied, especially for 10.0 wt.% AF 400-30, WF 101, WF 600 and citrus fibre
suspensions. This indicates that all the fibre suspensions tested in this study were shear
thinning liquids. Figures 4.3 and 4.4 show a clearer indication of the shear thinning
behaviour, where the viscosity decreased with increasing shear rate. Shear thinning liquids

are also called pseudoplastic liquids.

The shear thinning is observed because the fibres induce macromolecular structures into
the fluid. This is due to hydrodynamic interactions and mechanical contacts between fibres.
Upon shearing, the weak macro-structures breakdown reducing the apparent viscosity as
the shear rate increases. It is suggested that the apparent viscosity will continue to reduce
as fibres orientate themselves parallel to the flow direction (Bounoua et al., 2016; Djalili-
Moghaddam & Toll, 2006).

Non-Newtonian behaviour can be modelled with a power function, given by Equation 4.1
in which the shear stress experienced by the fluid is related to the shear rate by a power

constant, this is termed a power-law fluid
Tshear = kY™ Equation 4.1

where T4,04 (Pa) is the shear stress, ¥ (s?) is the shear rate, k (Pa.s") is the consistency
index and n (-) is the flow index. Experimental data in Figure 4.2(a-d) was fitted with the
power-law model and results showed that the power-law model provided a reasonable
description of the experimental data of both 5.0 wt.% and 10.0 wt.% fibre suspensions.
Table 4.1 lists the values of the fit parameters, k and n, based on the power-law model. The
flow index, n, measures the degree of shear thinning behaviour, its value decreases as the
rate of shear thinning or pseudoplasticity increases. Higher values of n were observed at
the lower fibre fraction of 5.0 wt.% fibre suspensions while lower values of n were
observed at a greater fibre fraction of 10.0 wt.% fibre suspensions, which indicates that
non-Newtonian behaviour increases with the increased volume of fibres in the suspensions.

The same relation was found by Grigelmo-Miguel et al. (1999) in peach dietary fibre
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suspensions, by Bhattacharya et al. (1991) in tamarind kernel suspensions and by Mahmoud

and Fugitt (1996) in a nutritional supplement containing oat fibre.

Concentrated apple juice was a simple Newtonian liquid which can be atomized. Addition
of fibres introduces non-Newtonian behaviour. The 5.0 wt.% and 10.0 wt.% fibre
suspensions were shear thinning liquids. It is well-known that the atomization performance
is affected by the shear viscosity (Lefebvre, 1988), lower shear viscosity is preferable
because the energy requirements for atomization are proportional to the fluid viscosity.
Shear thinning of fibre suspensions means that during the atomization process, greater
shear rates can be applied to the liquid fibre suspensions to attain a lower viscosity reducing
the energic requirements for complete atomization. Concentrated milk solutions can be
atomized at high solids concentrations due to their shear thinning behaviour (Teknotext,
1995).
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Figure 4.2 Flow curves of fibre suspensions, shear stress versus shear rate experimental
data of (0) 5.0 wt.% and (0) 10.0 wt.% fibre suspensions with (—) power-law model fitting.
(a) AF 400-30, (b) WF 101, (c) WF 600 and (d) citrus fibre.
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Table 4.1: Power-law model fit parameters, k and n, for 5.0 wt.% and 10.0 wt.% fibre
suspensions.

Consistency Consistency

Fibre i Flow index, n . Flow index, n

suspensions index, k index, k

5.0 wt.% 10.0 wt.%

AF 400-30 1.0 £ 0.04 0.91 £ 0.02 10 +£1.30 0.79 £ 0.02
WF 101 1.0 £ 0.01 0.96 £ 0.00 16 £ 0.51 0.75 £ 0.01
WF 600 2.0 +£0.02 0.91 £ 0.00 32 + 3.56 0.68 £+ 0.02

citrus fibre 3.0+0.15 0.82 £0.01 47 + 6.56 0.61 £ 0.02

For all aspect ratios, an increase in fibre fraction resulted in increased resistance to flow.
This resulted in a greater apparent shear viscosity for the 10.0 wt.% fibre suspensions
compared to 5.0 wt.% fibre suspensions at the same shear rates, see Figures 4.3 and 4.4.
For a similar concentration of fibres, fibres with a greater aspect ratio exhibited a greater
apparent shear viscosity at all shear rates. It means that both the fibre fraction and fibre

aspect ratio are critical parameters associated with the suspension viscosity.
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Figure 4.3 Apparent shear viscosity of 5.0 wt.% fibre suspensions as a function of aspect
ratio. (e) concentrated apple juice, (o) AF 400-30 with aspect ratio 2 — 3, (o) WF 101 with
aspect ratio 2 — 3, (¢) WF 600 with aspect ratio 8 — 10 and (%) citrus fibre with aspect ratio
8 - 10.
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Figure 4.4 Apparent shear viscosity of 10.0 wt.% fibre suspensions as a function of aspect
ratio. (o) AF 400-30 with aspect ratio 2 — 3, (o) WF 101 with aspect ratio 2 — 3, (0) WF
600 with aspect ratio 8 — 10 and (x) citrus fibre with aspect ratio 8 — 10. Viscosity of
concentrated apple juice is shown by the dashed line.

The viscosity of fibre suspensions is determined by the nature of molecular interaction
between the fibres. The interaction depends mainly on the fibre concentration and aspect
ratio. The interaction can be measured based on nL? and nyL?D values, where ns (1/um?)
is the number density of fibres, L (um) is the fibre length and Dy (um) is the fibre diameter
(Djalili-Moghaddam & Toll, 2006). Tables 4.2 and 4.3 list the nyL* and n,L*D, values
and the types of interaction presented for 5.0 wt.% and 10.0 wt.% fibre suspensions,
respectively. When the interaction between fibres is weak, the suspension is said to be
dilute, which occurs when nyL* << 1. The 5.0 wt.% AF 400-30 and 5.0 wt.% WF 101 fibre
suspensions fell in this regime, where the values of the nL* were 0.50 and 0.35
respectively. This explains the low viscosity exhibited by both fibre suspensions as shown
in Figure 4.3. If the fibres interact mostly through hydrodynamic interactions, the
suspension is said to be semi-dilute, which happens when nfL3 > 1 but nszDf << 1. The
viscosity of 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions, along with the 10.0
wt.% AF 400-30 and 10.0 wt.% WF 101 fibre suspensions, were greatly affected by the
hydrodynamic interactions where the nfLZDf values were 0.55, 0.45, 0.35 and 0.28

respectively. Lastly, 10.0 wt.% WF 600 and 10.0 wt.% citrus fibre suspensions were
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considered concentrated, which means that additional non-hydrodynamic interactions such
as non-hydrodynamic adhesive interactions, mechanical contacts between fibres as well as
floc or network formation, were presented and influenced the suspension viscosity. This
condition occurs when ngL*Dy > 1. The nyL*D; values for 10.0 wt.% WF 600 and 10.0
wt.% citrus fibre suspensions were similar at 1.10. Thus, the viscosity of each fibre
suspension depended on the type of interaction that existed in the suspension regime. The
type of interactions was a function of fibre fraction and aspect ratio. The strongest
interactions existed in the concentrated suspensions that exhibited the greater apparent
shear viscosity, while the weakest interactions were presented in the dilute suspensions and

were confirmed by the lower apparent shear viscosities.

The viscosity of the fibre suspensions was a function of aspect ratio and fibre fraction.
Based on Figure 4.3 and Figure 4.4, the 5.0 wt.% and 10.0 wt.% of AF 400-30 and WF 101
fibre suspensions can be said to exhibit similar apparent shear viscosity throughout the runs
since both fibres had identical aspect ratios. Similar behaviour was also shown by WF 600
and citrus fibre suspensions. Theoretically, the atomization of the 5.0 wt.% AF 400-30 and
5.0 wt.% WF 101 fibre suspensions would require less energy compared to the 5.0 wt.%
WF 600 and 5.0 wt.% citrus fibre suspensions, at a specific shear rate. Or, the atomization
of the AF 400-30 and WF 101 fibre suspensions will probably produce smaller droplet sizes
compared to WF 600 and citrus fibre suspensions, at a specific shear rate. This is because
the shear viscosity that resists and controls the atomization performance was greater for
WEF 600 and citrus fibre suspensions. For a specific fibre suspension, a 5.0 wt.% fibre
concentration will yield better atomization performance compared to a 10 wt.% fibre

concentration due to its lower resistance or viscosity at all shear rates.
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Table 4.2: The nfL3 and nfLZDf values of each 5.0 wt.% fibre suspension along with the
type of regime and interactions presented based on the nsL* and nyL? Dy values.

. Main
0,
>Owt /O.ﬁbre nel? ngL*Dy Typ_e of interactions
suspensions regime
present
AF 400-30 0.50 - Dilute Weak/Negligible
WF 101 0.35 - Dilute Weak/Negligible
- H i
WF 600 5.55 0.55 Semi-dilute | Ydrodynamic
interactions
citrus fibre 3.50 0.45 Semi-dilute Hydrodynamic

interactions

Table 4.3: The nyL* and nsL? Dy values of each 10.0 wt.% fibre suspension along with the
type of regime and interactions presented based on the nsL* and nyL? Dy values.

. Main
0
10.0 wt.% fibre nel? neL?Dy Type of regime  interactions
suspensions
present

- H i
AF 400-30 1.10 0.35 Semi-dilute | ydrodynamic

interactions
. Hydrodynamic

WF 101 1.01 0.28 Semi-dilute

interactions

Additional non-

WF 600 - 1.10 Concentrated hydrodynamic
interactions

Additional non-

citrus fibre - 1.10 Concentrated hydrodynamic
interactions

Other than fibre fraction and aspect ratio, fibre flexibility can also greatly influence the
shear viscosity of the fibre suspensions. Flexible fibres usually exhibit greater viscosity
compared to rigid fibres (Keshtkar et al., 2009). Fibre flexibility depends on the fibre
stiffness, aspect ratio and the stress imposed on the fibres. Knowledge on Young’s
modulus, Ey, of specific fibres is required to understand the effect contributed by the fibre
stiffness towards fibre flexibility (Keshtkar et al., 2009). In this work, it was decided not to
investigate the effect of fibre flexibility towards the rheology of fibre suspensions. Hence,
fibre aspect ratio and concentration were the only parameters varied when looking at the

rheology of fibre suspensions. It was expected that all fibres used in this study have
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relatively low Young’s modulus compared to synthetic fibres. It is also suggested that the
Young’s modulus between the different fibres used in this study are fairly similar, since the
fibres’ source is similar; all come from plant cells which are full of cellulosic elements.
This can be supported by looking at the study by Facca et al. (2006), which shows that the
Young’s modulus of the natural fibre composites were all relatively similar and much lower

than the Young’s modulus of glass fibre composite.

Other than the shear thinning behaviour of the fibre suspensions, the viscosity of the
different types of fibre suspensions was also independent of time based on timescale shown
in Figure 4.5. Some non-Newtonian shear thinning fluids show a time-dependent change
in viscosity and they are termed either thixotropic or rheopectic fluids. At a constant shear
rate, the viscosity of thixotropic liquids decreases over time while the viscosity of
rheopectic liquids increases. As shown in Figure 4.5, the concentrated apple juice and fibre

suspensions were all non-thixotropic and non-rheopectic fluids.
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Figure 4.5 Apparent shear viscosity of 5.0 wt.% fibre suspensions as a function of time. (e)
Concentrated apple juice, (o) AF 400-30 with aspect ratio 2 — 3, (o) WF 101 with aspect
ratio 2 — 3, (0) WF 600 with aspect ratio 8 — 10 and (%) citrus fibre with aspect ratio 8 — 10.
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4.1.3 Fitting the Krieger-Dougherty and Maron-Pierce equations for fibre

suspensions

The increase in the viscosity with volume fraction for suspensions containing particles with
different average aspect ratio is usually characterized based on the Krieger-Dougherty
(Krieger, 1972) and Maron-Pierce (Maron & Pierce, 1956) relationships shown in
Equations 4.2 and 4.3 respectively.

n = (1—0/0) M Equation 4.2

n=01-0/8:)" Equation 4.3

in which [n] is the intrinsic viscosity, @ is the volume fraction of suspensions and @ is the
critical volume fraction. Figure 4.6(a-d) shows the measured relative viscosities, 7,,
together with best fit curves obtained by non-linear regression via Krieger-Dougherty and
Maron-Pierce relationships as stated in Equations 4.2 and 4.3 respectively. The weight
fraction of all fibre suspensions was converted into volume fraction, @, for the fitting
purpose. More details on the conversion are explained in Section 3.4.1.1. The viscosity of
fibre suspensions in the concentrated apple juice were only measurable up to @ = 0.09, as
shown in Figure 4.6(a-d). Beyond these limits, the viscosity of the fibre suspensions was
too great to be measured by the MCR 301 equipment. The vertical asymptotic in each figure
indicates the corresponding critical volume fraction, @, obtained by fitting. Table 4.4 and
Table 4.5 list the values of the fit parameters, [n] and @, together with the correlation
coefficients, C, as a measure of the quality of the fit, determined by Krieger-Dougherty and

Maron-Pierce relations respectively.

In particular, as shown in Table 4.4, the intrinsic viscosity based on the Krieger-Dougherty
relation of WF 600 fibre suspension was very similar to that of citrus fibre suspension. The
intrinsic viscosity of low aspect ratio fibre suspensions of AF 400-30 and WF 101 was
lower than WF 600 and citrus fibre suspensions. A similar conclusion can be drawn with
respect to the critical volume fractions determined from Krieger-Dougherty and Maron-
Pierce relations. As shown in Tables 4.4 and 4.5, the @, of WF 600 and citrus fibre
suspensions were the same, as predicted by each relationship. The @, of WF 600 and citrus
fibre suspensions which had a greater aspect ratio, were also lower than the @, of AF 400-

30 and WF 101 which had a lower aspect ratio.
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The critical volume fraction is defined as the concentration at which blocking of the
flowability occurs. Although Table 4.4 and 4.5 shows @ values of more than 10.0 % and
for some more than 20.0%, the actual setup during atomization which included the gear
pump as presented in Section 3.5.4, could not efficiently pump a suspension with @ of more
than 10.0%. Hence, it is suggested that the @ obtained from Krieger-Dougherty or Maron-
Pierce relations based on MCR 301 rheometer, can only be treated as the maximum possible
theoretical value before the suspensions stop flowing. Meanwhile, the actual maximum
volume fraction of fibre suspensions, @ 4.¢vuq:, that can be incorporated during atomization
of the liquids, was highly dependent on the ability of the pump used. The @ extracted from
Krieger-Dougherty and Maron-Pierce relations is not a reasonable value to be used during
the atomization experiment. This is because the viscosity measurements were carried out
at fibre volume fractions lower than half of the extrapolated value of @.. For example, @,
based on the Krieger-Dougherty equation for AF 400-30 fibre suspension was 0.25 whereas
the viscosity measurements were only carried out up to 0.09. So, the @, based on Krieger-
Dougherty and Maron-Pierce relations should only be treated as a fitting parameter. The
predicted @, values had a physical meaning, but the prediction was very different from the

actual because of the long-range prediction.

Mere visual inspection on Figure 4.6(a-d) indicated that both Krieger-Dougherty and
Maron-Pierce fits were excellent for all types of fibre suspensions, and this is supported by
the correlation coefficient value, C. To further determine which correlation is slightly better
than the other, the resulting standard error of estimate from both correlations were
calculated. Based on Zar (2013), after fitting multiple regression equations, the most
reliable equation is chosen based on the one resulting in the smallest standard error of
estimate. The standard error of estimate is tabulated in Tables 4.4 and 4.5 and the values
were very similar between the two different correlations. When the standard error of
estimates is very similar, Zar (2013) further suggests that a decision should be made by
choosing the correlation with the least fitting parameter. More specifically, both Krieger-
Dougherty and Maron-Pierce correlations consist of critical volume fraction parameter, @.
In addition to that parameter, Krieger-Dougherty has an extra fitting parameter which is the
intrinsic viscosity, [n]. Here, the [n] is termed a dummy variable (Zar, 2013). By
introducing a dummy variable into a Krieger-Dougherty correlation, the predicted relative
viscosity did not yield any better or more accurate correlation to the measured relative

viscosity when compared to the Maron-Pierce prediction. This is based on the correlation
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coefficient, C, and the standard error of estimate tabulated in Tables 4.4 and 4.5. It means
that the Maron-Pierce relationship is statistically better than the Krieger-Dougherty in
representing and explaining the shear rheology of the fibre suspensions. This hypothesis is
supported by Occam's razor (or Ockham's razor) principle which states that given two
explanations of the data and all other things being equal, the simpler explanation is
preferable or the one requires the least speculation (in this case is the number of fitting

parameters) is more correct.

128



Chapter 4

N w BN o1 (op]
1

Relative Viscosity (1)

N4

O — T T T 1 T T T T [ T T T T
0 10 20 30
Solids volume fraction (%)
(a) AF 400-30
;
s’ ¢
> 5 ' I
£ |
g4 |
>3] ,
=
B 2 5I‘I§II I
[¢B]
© 1 ff I
0 — T T T T T III T T T T T
0 10 20

Solids volume fraction (%)

¢) WF 600

30

Relative Viscosity (1)

Relative Viscosity (1)

SO P N W~ 01 O N

N W b~ 01O

o -

j
#

— — — — — — —

10

20 30

Solids volume fraction (%)

(b) WF 101

10

20 30

Solids volume fraction (%)

(d) citrus fibre

Figure 4.6 Concentration dependence of the relative viscosity of (a) AF 400-30, (b) WF
101, (c) WF 600 and (d) citrus fibre suspensions. The experimental data was fitted with

Krieger-Dougherty (-

) and Maron-Pierce (— — — —) relationships. The corresponding

critical volume fraction, @, obtained by fitting are indicated as vertical asymptotes. The
measured shear viscosity corresponds to shear rate at 1000 s™.
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Table 4.4: Fit parameters, @, and [n], for the concentration dependence of the relative
viscosity of suspensions with different fibres obtained with the Krieger-Dougherty

relation.
Critical volume Intrinsic Standard
Fibre ) ] ] Correlation
) fraction, @ viscosity, o error of
suspensions coefficient, C )
(%) Ml estimate
AF 400-30 25 13.0 0.97 0.2
WEF 101 26 12.7 0.97 0.1
WEF 600 19 14.6 0.95 0.1
Citrus fibre 20 15.0 0.96 0.2

Table: 4.5 Fit parameters, @ and [n], for the concentration dependence of the relative
viscosity of suspensions with different fibres obtained with the Maron-Pierce relation.

) _ Critical volume Correlation Standard error of
Fibre suspensions _ o _
fraction, @ (%) coefficient, C estimate
AF 400-30 17 0.96 0.3
WEF 101 18 0.97 0.1
WF 600 15 0.94 0.1
Citrus fibre 15 0.95 0.2

4.1.4 Effect of temperature

The viscosity of liquids usually decreases with increasing temperature and the effect of

temperature on the viscosity of fluid can be described by the Arrhenius relationship.
y = Ae Fa/RT Equation 4.4

where A (Pa.s) is a constant, E, (kJ/mol) is the activation energy for viscous flow, R
(kJ/mol.K) is a gas constant and T (K) is the temperature. The effect of temperature on
viscosity was examined for 5.0 wt.% and 10.0 wt.% WF 600 fibre suspensions only. Figures
4.7 and 4.8 show the flow curves (shear stress versus shear rate) for the fibre suspensions
at temperatures ranging between 20 to 40 °C. As shown in Figures 4.7 and 4.8, the 5.0 wt.%
and 10.0 wt.% WF 600 fibre suspensions exhibited a shear thinning behaviour at all
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temperatures. The experimental results showed that the behaviour of 5.0 wt.% and 10.0
wt.% WF 600 fibre suspensions were best fitted with the power-law model. The power-

law model fit parameters, k and n, are tabulated in Table 4.6.
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Figure 4.7 Flow curves for fibre suspensions at different temperatures of 5.0 wt.% WF 600
fibre suspensions at different temperatures. () 20 °C, (@) 25 °C, (A ) 30 °C, (#) 35 °C, and
(o) 40 °C all with (=) power-law model fitting.
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Figure 4.8 Flow curves for fibre suspensions at different temperatures of 10.0 wt.% WF
600 fibre suspensions at different temperatures. (o) 20 °C, (®) 25 °C, (A) 30 °C, (¢) 35
°C, and (o) 40 °C all with (=) power-law model fitting.
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Table 4.6: Power-law model fit parameters, k and n, of 5.0 wt.% and 10.0 wt.% WF 600
fibre suspensions at different temperature ranging between 20 °C and 40 °C.

5.0 wt.% WF 600 fibre 10.0 wt.% WF 600 fibre
Temperature suspensions suspensions
(°C) Consistency Flow index, Consistency Flow index,
index, k n index, k n
20°C 2.7 0.91 32.1 0.68
25°C 2.2 0.90 52.1 0.54
30°C 1.8 0.87 54.3 0.50
35°C 15 0.86 51.4 0.47
40 °C 1.2 0.84 47.7 0.46

In order to study the effect of temperature on the shear behaviour of fibre suspensions, the
apparent viscosity was obtained at a shear rate of 100 s™. Previous study on the effect of
temperature on flow behaviour of fibre suspensions specifically, utilized the apparent
viscosity at 100 — 200 s shear rates (Grigelmo-Miguel et al., 1999; Saravacos, 1970). To
obtain the estimates of the parameters of the Arrhenius relationship, the logarithm of the

viscosity was plotted against 1/T.
Eq .
In(papp) =InA— - Equation 4.5

Figure 4.9 shows the effect of temperature on concentrated apple juice and pseudoplastic
viscosity of 5.0 wt.% WF 600 and 10.0 wt.% WF 600 fibre suspensions according to the
Arrhenius equation and the best fit lines were drawn. Table 4.7 shows the value of the
constant A and activation energy E,, and the determination coefficient obtained from the
fitting of viscosity data. Activation energy at each fibre concentration were obtained from

the slope of the corresponding straight line in Figure 4.9.

The activation energy of the 60 °Brix concentrated apple juice was approximately 60
kJ/mol. A previous study has reported an activation energy value of approximately 50-60
kJ/mol for a greater concentration of apple juice, 70 °Brix - 75 °Brix (Ibarz et al., 1987).
As shown in Table 4.7, the activation energy decreased as the fibre fraction increased.
Concentrated apple juice had the highest activation energy while the 10.0 wt.% fibre

suspension had the lowest value. A similar trend was observed previously by Grigelmo-
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Miguel et al. (1999) with peach dietary fibre suspensions, where the activation energy
decreased as the suspension’s concentration was increased. Saravacos (1970) also reported
that the activation energy decreased significantly when suspended particles such as fibres
were presented in the liquid. Briscoe et al. (1998) also concluded that the activation energy
of PEO in aqueous solutions decreased as the PEO concentration was increased. For the
concentrated apple juice which exhibited the highest activation energy, as the temperature
was increased the solvent molecules absorbed the thermal energy and resulted in bond
ruptures between molecules. With fibre suspensions, the fibre particles must be less
sensitive to the thermal energy activation compared to the bonds between molecules. Thus,
the addition of the fibre to the apple juice has a twofold effect; increasing the base viscosity

(consistency) and decreases its sensitivity to thermal activation.

o

In Viscosity

3.15 3.2 3.25 33 3.35 3.4 3.45
1000/T (1/K)

Figure 4.9 Arrhenius plot of the viscosity versus 1/T based on the Arrhenius equation to
obtain the activation energy, E,. (®) Concentrated apple juice, (©) 5.0 wt.% WF 600 and
(A) 10.0 wt.% WF 600 fibre suspensions.
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Table 4.7: Value of constant, A and activation energy, E,, obtained from the Arrhenius
relationship for concentrated apple juice, 5.0 wt.% WF 600 and 10.0 wt.% WF 600 fibre
suspensions.

) Activation energy Determination
Solutions A (Pa.s) o
(kJ/mol) coefficient (R?)
Concentrated apple
o 60 5.6 x 107 0.99
juice
5.0 wt.% WF 600 48 5.9 x 10°° 0.99
10.0 wt.% WF 600 26 1.9 x 10* 0.99

4.1.5 Combined effect of temperature and concentration

To investigate the combined effect of temperature and concentration on the viscosity of
fibre suspensions, a 3-D surface graph was created based on the experimental data obtained
using MCR 301. The data used in the analysis are tabulated in Table 4.8. Figure 4.10 shows
the 3-D surface plot with viscosity as the response variable (y-axis) and temperature and
concentration as the predictor variables (x-axis and z-axis respectively). The darkest blue
region in Figure 4.10 corresponds to the highest measured shear viscosity while the lightest
blue region represents the lowest measured shear viscosity. As shown in Figure 4.10, the
effect of concentration on viscosity of WF 600 fibre suspension was more pronounced than
the effect of temperature. For example, as shown in Figure 4.10, the decrease in the
concentration of the fibre suspensions along the z-axis resulted in a greater reduction in the
shear viscosity compared to the viscosity reduction showed by the increase in temperature
along the x-axis. To support the observation, an ANOVA test was performed on the data
tabulated in Table 4.8. The result shows that the p-value was lower than 0.05, which means
that the combined effect of temperature and concentration significantly affected the
apparent viscosity of the fibre suspensions. Based on the ANOVA test, the coefficient of
the temperature that affected the final viscosity value was only 0.11 while the coefficient
for concentration was 89. It means that the contribution of concentration to the final

viscosity value was much greater than the contribution by temperature.

In the atomization study, where shear viscosity is an important factor, more energy efficient
atomization might be achieved by reducing the concentration of fibre suspensions, rather
than increasing the temperature. Hence, during the atomization study, only the lowest
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concentration of fibre suspensions; 5.0 wt.%, was tested for all fibre suspensions. Although
results showed that temperature had a weak effect on shear viscosity compared to
concentration, it is important to emphasize that in the case of fibre suspensions, the
combined effect of high temperature and low concentration yielded the lowest viscosity
fibre suspension. During the atomization study of the 5.0 wt.% fibre suspensions, the
temperature was also increased to observe the effect on the atomization performance. More

details are discussed in Chapter 6.

Table 4.8: The viscosity of WF 600 fibre suspensions at specific concentration and
temperature. The data was obtained using MCR 301.

Apparent viscosity at
100 s (Pa.s) ™ Fibre suspensions concentration (wt.%) —
Temperature (°C) | 5.0 wt.% 7.5 wt.% 10.0 wt.%
20 2.09 251 7.59
25 1.44 2.05 6.30
30 1.04 1.57 5.24
35 0.77 1.29 4.41
40 0.60 1.05 3.90

Shear Viscosity at 100/s (Pa.s)
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Figure 4.10 Combined effect of temperature and fibre fraction or concentration on the shear
viscosity of WF 600 fibre suspension.
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4.2 Shear rheology of fibre suspensions from a capillary viscometer

The previous Section 4.1 has explained in depth the shear rheology of fibre suspensions at
different fibre aspect ratios, fibre concentration and temperature at shear rates up to 1000
s, measured using a rotary rheometer. Similarly, previous studies and literature also
discuss the shear rheology of any specific fluids up to shear rates of 500 or 1000 s*. The
shear viscosity data extracted from the shear rate ranges between 0 to 1000 s may be
sufficient for certain applications. In atomization, the fluid is expected to experience much
higher shear rates. This is due to the high flow rates passing through small orifices (> 1mm)
in pressure nozzles or due to the fast-moving air velocity in two-fluid nozzles (Schroder et
al., 2011).

In this section, the shear viscosity of the 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.%
WF 600 and 5.0 wt.% citrus fibre suspensions at shear rates higher than 1000 s* are
discussed. Since atomization was the final objective of the study, it is important to measure
the shear viscosity at a maximum possible shear rate to acquire an indication on the actual

shear viscosity present during the atomization.

4.2.1 Fibre suspensions

The shear viscosity for 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0
wt.% citrus fibre suspensions measured using a capillary viscometer is shown in Figure
4.11. Three distinct regions can be observed on the plot of the flow curves (shear viscosity
versus shear rate), as separated by the vertical dotted lines. At the lowest shear rates; y <
2000 s, the shear viscosity was obtained using the largest capillary diameter of 9.2 mm.
At shear rates 3000 st <y < 11 500 s, the shear viscosity was measured using the
medium capillary diameter of 5.0 mm. The shear viscosity for 11 500 s* < y < 20 000 s*

shear rates was generated using the smallest capillary diameter of 3.2 mm.

As shown in Figure 4.11, the shear viscosity of 5.0 wt.% AF 400-30 and 5.0 wt.% WF 101
fibre suspensions were very similar, at every shear rates. Similar behaviour was also
observed between the shear viscosity of 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre

suspensions. This was due to the similar aspect ratios between AF 400-30 and WF 101, and
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also between WF 600 and citrus fibres. A similar observation was reported previously from
the rotary rheometer data in Section 4.1.2. A closer observation of Figure 4.11 shows that
the shear viscosity differences between the low aspect ratio fibre suspensions (5.0 wt.% AF
400-30 and 5.0 wt.% WF 101 fibre suspensions) and high aspect ratio fibre suspensions
(5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions) reduced as the shear rates were
increased. Particularly, the shear viscosity of 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre
suspensions can be said to approach the viscosity of 5.0 wt.% AF 400-30 and 5.0 wt.% WF
101 fibre suspensions more noticeably after the shear rate of 11 500 sX. This phenomenon
was not visible from the rotary rheometer data in Section 4.1.2 due to the narrow range of

possible shear rates.

The shear viscosity data obtained from the rotary rheometer was combined with the data
generated by the capillary viscometer. The overall viscosity curves are shown in Figure
4.12. As shown in Figure 4.12, the shear viscosity at lower shear rates generated by the
capillary viscometer coincided with the shear viscosity obtained from the rotary rheometer
at high shear rates. Although some of the data did not coincide with each other, as in Figure
4.12 (a-b), it was obvious that the trend generated by the shear viscosity from the rotary
rheometer was being continued by the shear viscosity generated using the capillary

viscometer.
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Figure 4.11: Viscosity curves for 5.0 wt.% fibre suspensions as a function of aspect ratio
at shear rates up to 20 000/s. (o) AF 400-30 with an aspect ratio of 2 — 3, (o) WF 101
with an aspect ratio of 2 — 3, (0) WF 600 with an aspect ratio 8 — 10 and (x) citrus fibre
with an aspect ratio of 8 — 10. At shear rates y < 2000/s, the shear viscosity was obtained
using the largest capillary diameter of 9.2 mm. At shear rates 3000/s < y < 11 500/s,
the shear viscosity was measured using the medium capillary diameter of 5.0 mm. At
shear rates y > 11 500/s, the shear viscosity was obtained using the smallest capillary
diameter of 3.2 mm.
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Figure 4.12 Viscosity curves of different fibre suspensions measured at shear rates 0 < y <
20 000 s. (@) Shear viscosity measurements performed using the rotary rheometer and (o)
shear viscosity measurements performed using the capillary viscometer.

Based on the data in Figure 4.11, it is suspected that the shear viscosity of all types of fibre
suspensions; 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus
fibre suspensions, will all reach a similar plateau at shear rates above 20 000 s*. This was
not shown experimentally due to the working range limit of the capillary viscometer.
Power-law model assumes that the shear viscosity will continuously decrease even though
at infinite shear rates. Whereas, practically, a plateau will occur where at that point, the
power-law model is not applicable anymore. Thus, it means that the shear viscosity above

20 000 s shear rate should not be predicted based on the power-law model.
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To predict the viscosity above 20 000 s shear rate, the data in Figure 4.11 was fitted and
modelled using the Cross equation. This is shown in Figure 4.13. The Cross model is an
extension of the power-law model that includes the viscosity at inifnite shear rate. Based
on the Cross model fitted data in Figure 4.13, the viscosity of the high aspect ratio fibre
suspensions (5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions) started to coincide
with the viscosity of the low aspect ratio fibre suspensions (5.0 wt.% AF 400-30 and 5.0
wt.% WF 101 fibre suspensions) at a shear rate of 25 000 s*. Beyond this shear rate, the
shear viscosity of the different fibre suspensions were all relatively similar, ranging
between 0.28 Pa.s and 0.32 Pa.s. It is suggested that at shear rate above 25 000 s*,
plateauing occured. It means that beyond 25 000 s shear rate, the shear viscosity of the
5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre
suspensions were expected to be approximately similar with each other and would not
reduce anymore. At 25 000 s shear rate, the average viscosity of fibre suspensions was
0.28 + 0.01 Pa.s. The average viscosity of concentrated apple juice, measured by the

capillary viscometer, was 0.23 + 0.02 Pa.s.
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Figure 4.13 Shear viscosity of 5.0 wt.% fibre suspensions as a function of aspect ratio at
shear rates up to 40 000 s*. Bullet points are the experimental data from Figure 4.11 (o)
AF 400-30 with an aspect ratio of 2 — 3, (o) WF 101 with an aspect ratio of 2 — 3, (0) WF
600 with an aspect ratio 8 — 10 and (x) citrus fibre with an aspect ratio 8 — 10. Full line
represents the fitted Cross model (purple) AF 400-30, (blue) WF 101, (red) WF 600 and
(green) citrus fibre. Viscosity of concentrated apple juice is shown by the dashed line.
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Many studies often neglected the shear behaviour at much higher shear rates; at a shear rate
greater than can be attained with a rotary rheometer. In atomization studies, it is inaccurate
to explain the atomization mechanism or behaviour solely based on the shear resistance
obtained from the rotary rheometer. Rotary rheometer only provided data up to 1000 s*
shear rate. Meanwhile, a capillary viscometer produced data at shear rates up to 20 000 s™.
In the case of fibre suspensions, the shear viscosity of different fibre suspensions
approached a similar plateau value at shear rates above 20 000 s™. This observation was
absent from the rotary rheometer results. The implication of this finding is very important.
For example, from the capillary viscometer results shown in Figure 4.13, it is suggested
that the influence of shear viscosity on the atomization performance will be fairly similar
between 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus
fibre suspensions, although they had different fibre aspect ratio. This is because the shear
viscosity of these different fibre suspensions at very high shear rates were similar. From
Figure 4.13, the capillary viscometer results also suggest that a plateau was likely to occur
after a certain shear rate. This finding indicates that during the atomization, there is a limit
to the effectivness of applying shear to decrease the viscosity for the purpose of making the

fluid more sprayable, especially in the case of fibre suspensions.

Figure 4.14 shows the relative pressure drop data at the capillary entrance against flow rates
obtained by using the smallest capillary diameter of 3.2 mm. The shear rates inside the 3.2
mm capillary corresponded to the high shear rates of more than 11 500 s. As shown in
Figure 4.14, all 5.0 wt.% fibre suspensions showed an exponential increase in pressure drop
at the capillary entrance as the flow rates were increased, with R? values of more than 0.96.
By looking at both Figures 4.12 and 4.13, it can be said that by using the smallest capillary
diameter of 3.2 mm, as the flow rate was increased, the shear rate inside the capillary was
also increased and that resulted in a decrease in the shear viscosity of the 5.0 wt.% fibre
suspensions. However, the pressure drop at the capillary entrance also increased
exponentially. Contraction flow at the capillary entrance region caused an extra pressure
drop due to the stretching of fibre suspensions, in addition to the pressure drop contributed
by the form drag, eddies and other effects due to the sudden change in diameter or flow
area (Aho & Syrjala, 2006; Huang & Leong, 2002). The diameter of the pipe before the
capillary entrance region was 9.0 mm. To see the sole effect of the fibre suspensions on the
entrance pressure drop, the data in Figure 4.14 was plotted after dividing with the amount
of pressure drop in the concentrated apple juice. The entrance pressure drop in the
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concentrated apple juice was linear with R? value of more than 0.98 as shown in Figure
4.15. In the case of concentrated apple juice, the pressure drop at the capillary entrance
must be due to all other effects but stretching of the fibre suspensions. After removing the
effect by concentrated apple juice, the plotted pressure drop in Figure 4.14 can be attributed

to the stretching of fibre suspensions with minimum effects of form drag.

The significant pressure drops due to the stretching of the fluid elements, in this case, fibre
suspensions, as shown in Figure 4.14, means that along with the shear resistance, there was
another resistance presented during the flow of fibre suspensions called extensional
resistance (Binding et al., 1998; Huang & Leong, 2002). Similar to shear viscosity, this
extensional resistance must be a function of the fibre aspect ratio. This is because, as shown
in Figure 4.14, the pressure drops of the high aspect ratio fibre suspensions were very
similar to each other and greater than the pressure drops of the low aspect ratio fibre
suspensions. The overall capillary viscometer results indicate that at very high shear rates,
the shear viscosity of different fibre suspensions were relatively low and similar between
each other. Thus, from the shear viscosity point of view, it is possible that a good
atomization performance should be easily achieved, as the shear viscosity that resists the
atomization was relatively low. However, by taking into account the huge pressure drop at
the capillary entrance, it means that there was another force called extensional resistance,
along with the shear resistance, that will resist and control the atomization performance.
The finding in Figure 4.14 also serves as the basis idea of excluding the common pressure
nozzle for the atomization of fibre suspensions. This is because, with the common pressure
nozzle, high pumping pressure needs to be supplied to reach the high shear rates inside the
nozzle orifice. However, the increase in the pumping pressure will consequently contribute
to an exponential increase in the pressure drop at the nozzle entrance, which makes the use

of the common pressure nozzle inefficient.
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Figure 4.14 Pressure drop at the capillary entrance when using a 3.2 mm capillary (o) 5.0
wt.% AF 400-30, (o) 5.0 wt.% WF 101, (0) 5.0 wt.% WF 600 and (%) 5.0 wt.% citrus fibre
suspensions.
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Figure 4.15 Pressure drop at the capillary entrance in concentrated apple juice when using
a 3.2 mm capillary.
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4.3

Conclusions

Shear rheology of fibre suspensions was investigated using a rotary rheometer and a

capillary viscometer method.

Tests performed on the rotary rheometer showed that the fibre suspensions behaved
as non-Newtonian shear thinning liquids up to 1000 s shear rates.

Tests performed on the capillary viscometer further demonstrated that the shear
thinning behaviour of fibre suspensions continued until the shear rate of 25 000 s™.
A plateau occurred beyond the 25 000 s? shear rate. At this point, the shear
viscosities of different fibre suspensions were very similar to each other.

The shear viscosity of fibre suspensions was dependent on the fibre aspect ratio,
fibre fraction and temperature, with a greater shear viscosity value for the greater
fibre aspect ratio, higher fibre fraction and lower temperature respectively.

The fibre suspensions showed significant entrance and exit effects. Suggesting the
extensional resistance or viscosity are not as comprehensive as studies on the shear
viscosity. The next chapter will examine in depth the extensional rheology of fibre
suspensions. Meanwhile, Chapter 6 will unveil the more dominant force between
the two resistances; shear and extensional, that resists and controls the atomization

performance.
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Chapter 5 Extensional rheology of fibre suspensions

Chapter 4 explained, in depth, the shear rheology of fibre suspensions. In this chapter the
extensional rheology of the fibre suspensions will be explored. Studies on extensional
rheology are relatively scarce. When explaining atomization performance, previous authors
usually relate the performance to the shear rheology of the liquid only. This approach stays
true for Newtonian liquids because Newtonian liquids do not display extensional resistance
to fluid breakup. The linear viscoelastic and extensional properties of fibre suspensions
were investiagted using a rotary viscometer and capillary breakup extensional rheometer,

respectively.

51 Linear viscoelastic properties

Section 5.1.1 focuses on the linear viscoelasticity of different types of fibre suspensions

while Section 5.1.2 discusses the effect of temperature on the viscoelasticity.

5.1.1 Small amplitude oscillatory shear properties

The linear viscoelasticity of each fibre type at 5.0 wt.% and 10.0 wt.% suspensions were
studied to investigate the contribution of each fluid-like and solid-like behaviour of the
suspensions towards the overall rheological properties. The linear viscoelasticity was
investigated using an oscillatory test method performed on a rotary rheometer. Please refer
to Section 3.5.1 for details on the oscillatory test method. At first, strain sweep
measurements were performed on the fibre suspensions to determine the extent of the linear
viscoelastic regime. For all fibre suspensions, it was found that the maximum strain limit
for the linear regime is less than 1.0%. So, during the oscillatory tests, all tests were
performed at a constant strain amplitude of 0.1% in order to ensure the tests proceeded
within the linear regime. Figures 5.1 and 5.2 show the elastic modulus, G’ and viscous

modulus, G~ versus the dynamic frequency for 5.0 wt.% and 10.0 wt.% fibre suspensions,
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respectively. The G’ and G” represent the solid-like and fluid-like behaviours of the

suspensions, respectively.

As shown in Figures 5.1 and 5.2, both moduli increased with fibre concentration. As shown
in Figure 5.1, the G of 5.0 wt.% fibre suspensions were always higher than the G’ for the
whole range of frequencies studied, regardless of the fibre type or aspect ratio. It means
that the fluid-like behaviour of 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600
and 5.0 wt.% citrus fibre suspensions prevailed over the solid-like behaviour which
suggests the presence of weak entanglements networks (Piermaria et al., 2016; Xu et al.,
2005). The networks were weak and the solvent flow properties dominated the rheology,
thus the fibre suspensions show fluid-like behaviour. This observation can be supported by
the analysis done in Chapter 4, Section 4.1.2, Table 4.2. Based on Table 4.2, there were no
fibres entanglement or networks presents inside all the 5.0 wt.% fibre suspensions. G’ and
G of 5.0 wt.% AF 400-30 and 5.0 wt.% WF 101 fibre suspensions were always lower than
the G’ and G~ of 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions which suggests

that the G’ and G were a function of fibre aspect ratio.
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Figure 5.1 Elastic modulus (G, filled symbols) and viscous modulus (G, open symbols)
for 5.0 wt.% fibre suspensions as a function of frequency based on small amplitude
oscillatory measurements. (e, o) AF 400-30, (m, o) WF 101, (¢, 0) WF 600 and (A, X)
citrus fibre.
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As shown in Figure 5.2, the G” of 10.0 wt.% AF 400-30 and 10.0 wt.% WF 101 fibre
suspensions were greater than the G, similar to the behaviour observed in Figure 5.1. In
contrast, the G of 10.0 wt.% WF 600 and 10.0 wt.% citrus fibre suspensions were
dominant at lower frequencies until reaching a crossover where the G’ started to be
dominant. It means that, within the linear viscoelasticity regime, the 10.0 wt.% WF 600
and 10.0 wt.% citrus fibre suspensions showed a significant solid-like behaviour. This
behaviour is true for the fibre suspensions with a greater aspect ratio. A possible
explanation for this solid-like behaviour is that the high aspect ratio fibres formed networks
which can be easily broken down by deformation. This hypothesis can be supported by the
analysis done in Chapter 4, Section 4.1.2, Table 4.3. Based on Table 4.3, there were non-
hydrodynamic interactions present inside the 10.0 wt.% WF 600 and 10.0 wt.% citrus fibre
suspensions, such as mechanical contacts between fibres as well as floc or network
formation. Meanwhile, there were no such networks present inside the 10.0 wt.% AF 400-
30 and 10.0 wt.% WF 101 fibre suspensions. G’ and G~ of 10.0 wt.% AF 400-30 and 10.0
wt.% WEF 101 fibre suspensions were always lower than the G’ and G~ of 10.0 wt.% WF
600 and 10.0 wt.% citrus fibre suspensions which further shows that the G’ and G~ were a

function of fibre aspect ratio.
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Figure 5.2 Elastic modulus (G, filled symbols) and viscous modulus (G ”, open symbols)
for 10.0 wt.% fibre suspensions as a function of frequency based on small amplitude
oscillatory measurements. (e, o) AF 400-30, (m, o) WF 101, (¢, 0) WF 600 and (A, %)
citrus fibre.
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Figures 5.1 and 5.2 indicate that at low concentrations, the fibre networks were weak, and
the solvent dominated the rheology, so the suspensions showed liquid-like behaviour. But,
beyond a critical concentration, such as 10.0 wt.% for the system studied here, the networks
became stronger and hence elastic solid-like behaviour was observed. This behaviour
agrees with previous studies done by Xu et al. (2005) and Damani et al. (1993). Figures 5.1
and 5.2 also show the dependence of solid-like, G’ and fluid-like, G behaviours on aspect
ratio, in agreement with the findings by Kotsilkova (1992) and Guo et al. (2005), who found
that both the elastic and viscous modulus of fibre suspensions increased with the fibre
aspect ratio. They concluded that a more pronounced structure or network was formed by

entangled fibres as the fibre aspect ratio increased.

The results from the linear viscoelasticity regime suggest that the fibre suspensions used in
this study may not be purely viscous and show elastic behaviour. It means that the
atomization behaviour of the fibre suspensions will not be purely influenced by the viscous
forces but also by elastic forces. The method of using small amplitude oscillatory
measurements to show the viscoelastic properties of fibre suspensions was reliable, but
most studies were limited to linear measurements, i.e. measurements were done within the
small linear deformations of 0.1% strain, whereas in atomization, the fibre suspensions can
experience high strain deformations. Hence, there was a need for a different method to
study the viscoelasticity of fibre suspensions as near as possible to the conditions occurring

during atomization.

5.1.2 Effect of temperature

Section 4.1.4 has shown the effect of temperature on shear rheology. Particularly, Figure
4.9 shows that the shear viscosity of 5.0 wt.% WF 600 fibre suspension decreased as the
temperature was increased. To examine the effect of temperature on the elasticity of fibre
suspensions, the variation of G’ against temperature was observed. Figure 5.3 shows the
variation of G’ for 5.0 wt.% WF 600 fibre suspension at temperatures between 20 °C and
70 °C and at a constant frequency of 10 rad/s or ~ 1 Hz. Previous studies usually observed
the variations of G’ with the temperature at 1 Hz frequency (Moberg et al., 2016; Pothan et
al., 2003).
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Figure 5.3 shows no significant trend in the increase or decrease in G’ as the temperature
was increased. It is possible to say that the G’ was generally decreased as the temperature
was increased from 20 °C to 70 °C, but the reduction was insignificant or very weak. The
G’ can be said to be fairly constant between 20 °C and 70 °C. G’ represents the solid-like
behaviour contributed by the fibres. Weak temperature-dependence of G’ indicates that the
fibres were not significantly thermally activated within the range tested; 20 °C and 70 °C.
Thus, when the temperature was increased to 70 °C, while the fibre-solvent interactions
became weaker, as proven in Section 4.1.4 on the shear rheology study, the fibre-fibre
interactions stayed the same. A similar observation was obtained when using 10.0 wt.%
WEF 600 fibre suspension, as shown in Figure 5.4. ANOVA tests were performed on both
5.0 wt.% and 10.0 wt.% fibre suspensions to check whether there are any significant
differences between the G’ as the temperature was increased. The results show that the p-
values were more than 0.05, which means that the G’ at different temperatures were all
equal, thus the effect of temperature on G’ was insignificant. The previous study by
Chindam et al. (2014) showed the indistinct trend of the G’ of microfibres film as the
temperature was increased at least to 70 °C. Other studies by Pothan et al. (2003) and
Moberg et al. (2016) reported that the G’ of banana fibre and cellulose nanofibrils

composites insignificantly decreased when the temperature was increased to 60-70 °C.

Overall, while the shear rheology of fibre suspensions was strongly affected by
temperature, the dependence of elasticity of fibre suspensions on temperature was relatively
weak, at least within the temperature range of 20 °C to 70 °C. Atomization performance is
influenced by the shear and extensional resistance. The results indicate that as the
temperature increases the energic requirements of atomization may become dominated by

the extensional resistance, as the shear resistance at increasing temperatures decreases.
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Figure 5.3 The effect of temperature on the elastic modulus, G’ of 5.0 wt.% WF 600 fibre
suspension.
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Figure 5.4 The effect of temperature on the elastic modulus, G’ of 10.0 wt.% WF 600 fibre
suspension.
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5.2  Capillary breakup extensional rheometer

Recently, different types of extensional rheometers have been utilized in investigating
extensional properties of materials, especially polymer solutions. In this section, the
extensional properties of the fibre suspensions are discussed based on the capillary breakup
method performed on a portable extensional rheometer. Section 5.2.1 shows the difference
in the capillary breakup of concentrated apple juice and fibre suspensions, highlighting the
measurement of relaxation time. The relaxation time is one of the extensional properties
essential for predicting the atomization performance (fluid breakup). Sections 5.2.2 and
5.2.3 each explains the effect of fibre aspect ratio on the relaxation time and apparent

extensional viscosity of fibre suspensions, respectively.

5.2.1 Concentrated apple juice VS. fibre suspensions

Extensional rheology of the concentrated apple juice and fibre suspensions were
investigated based on the observation of the mid-plane diameter profile of a stretched
liquid. The stretching of the concentrated apple juice and fibre suspensions were followed
by the thinning process of the filaments. Please refer to Section 3.5.3 for more details on
the capillary breakup method. To keep the initial filament configuration (before stretching)
close to cylindrical with insignificant bulging effects, the capillary breakup test employed
axial separation so that hy,/R, < 1/v/Bo (Rodd et al., 2004). h, (mm) is the initial
separation between the upper and lower piston, R, (mm) is the initial sample radius and Bo
is the Bond number. Both h, and R, correspond to the value before the stretching occurred
and were 1.5 mm and 2.0 mm respectively. The Bond number, Bo is shown in Equation
5.1.

Bo = pgR,* /40 Equation 5.1

where p (kg/m?3) is the density of the liquid and g (m/s?) is the gravitational constant and o

(N/m) is the surface tension. In the current study, Bo was calculated to be 0.2.

The filament mid-plane diameter profiles of concentrated apple juice and 7.0 wt.% WF 600
fibre suspension are shown in Figure 5.5. The profiles of the mid-plane diameter, D,,i4

versus time were measured on the portable extensional rheometer constructed for this
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project. Theoretically, the breakup of a Newtonian liquid follows a linear diameter profile
where the liquid breaks directly after the stretching. The stages involved are stretch and
breaking stages (stretch-breaking). It means that the dependence of filament thinning
diameter on time is linear. Based on Figure 5.5, the filament thinning profile of the
concentrated apple juice is linear. In contrast, the filament thinning profile of 7.0 wt.% WF
600 fibre suspension is non-linear. Particularly, the filament mid-plane diameter thins down
exponentially with time. Liquids with extensional properties usually display an exponential
profile where the filament passes through stretch, relaxation and breaking stages (stretch-
relaxation-breaking). This is clearly portrayed by the fibre suspension in Figure 5.5. While
concentrated apple juice behaves like a Newtonian liquid with no extensional properties,
the suspension with added fibres follows non-Newtonian shear thinning behaviour with
added extensional properties. Such exponential decay with time, shown in Figure 5.5, is a
characteristic of a pure extensional flow which has been previously reported in the literature
(Hallmark et al., 2016; Jaishankar et al., 2015; Piermaria et al., 2016).

2 linear relaxation linear

Mid-plane diameter (mm)

0 T T T T 1
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Figure 5.5 Filament diameter profile of (®) concentrated apple juice and (o) 7.0 wt.% WF
600 fibre suspension measured on a portable extensional rheometer.
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A closer observation of Figure 5.5 indicates that the fibre suspension initially starts to thin
or decay by a similar mechanism as the Newtonian concentrated apple juice, as can be seen
from the linear decrease in the mid-plane diameter. The similar thinning dynamic or
mechanism implies that the role of fibres was absent during this stage. The fibre particles
remained in their equilibrium conformation and thus, were not influencing the thinning
dynamic. It is also possible that the filament thinning dynamic was still influenced by the
inertia of the stretching applied to the liquid and thus resulted in the linear decrease profile.
However, based on Figure 5.5, after the linear decrease, the thinning dynamic starts to
diverge. The start of the divergence point is what is referred to as the onset of necking. At
the onset of necking, the fibres orientate, stretch, and elongate due to the pure extensional
flow created inside the filament. The orientation, stretching and elongation of the fibres
during the extensional flow created a dominant extensional resistance that opposed the
deformation of the filament or the thinning process and consequently contributed to the
formation of a stable filament. This phenomenon is manifested in the relaxation stage
shown in Figure 5.5. This behaviour of fibre suspension is similar to the behaviour of most
polymer solutions (Piermaria et al., 2016). During the last stage, the thinning dynamic
diverges back into a linear decrease, as shown in Figure 5.5. In this regime, the fibres have
reached the maximum stretching and elongation such that the extensional resistance could
not resist the thinning anymore. This led to a sudden quick decay in the filament mid-plane
diameter until finally broken up.

The exponential thinning profile of the 7.0 wt.% WF 600 fibre suspension can be divided
into different regimes according to the thinning mechanisms explained above. Generally,
based on Figure 5.5, there is a linear regime and an exponential regime. Technically, the
regimes can be labelled as inertia-capillary, viscous-capillary and elasto-capillary regimes.
The identification of each regime helps in determining the relaxation time, = of a specific

fibre suspension as a quantitative study of the extensional rheology of fibre suspensions.

The exponential filament diameter profile of fibre suspension in Figure 5.5 theoretically
follows Equation 5.2 (Bazilevsky et al., 1990; Entov & Hinch, 1997).

1/3
b _ (ﬂ) exp[—t/(37,)] Equation 5.2

DO 40

in which G (Pa) is the elastic modulus, D, (mm) is the initial filament mid-plane diameter

before the stretching,  (N/mm) is the surface tension and t,. (S) is the relaxation time in
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the Oldroyd-B model or also known as Upper Convected Maxwell model. Therefore, the
capillary breakup test of fibre suspensions performed on a portable extensional rheometer
yields the characteristic relaxation time of the fibre suspension, z,. in elongation or
extensional flow. Relaxation time is the characteristic time scale for viscoelastic stress
growth in a uniaxial elongational flow (Rodd et al., 2004). Regression of Equation 5.2 to

the experimental data of the 7.0 wt.% WF 600 fibre suspension is shown in Figure 5.6.

Figure 5.6 was plotted in a log graph to accurately visualize the fit of the regression line to
the experimental data. Based on Figure 5.6, it is obvious and visible that there are initial
and final stages in which the exponential decay of Equation 5.2 does not fit the data
anymore. These stages are drawn inside the dashed rectangular regions. At very early times,
the filament bridge had just been formed and the fibre suspension had not felt the strong
extensional flow field yet or the fibres had not started stretching yet. During this initial
stage, the mid-plane diameter of the fibre suspension thinned down due to the balance
between capillarity and a mixture of inertia and viscous forces. Meanwhile, at the final
stage, the fibres had reached their maximum stretching or extensibility limits such that they
cannot extend anymore, so the filament breaks. This means that the fibres contribution to
the extensional resistance is saturated. Based on the experimental data points in Figure 5.6,
after the finite extensibility of the fibres, the mid-plane diameter quickly falls to zero in a
somewhat like a linear manner. Meanwhile, the predicted regression line continues to decay
very slowly. This phenomenon can be explained by the fact that the exponential decay in
Equation 5.2 from Oldroyd-B model was originally predicted on the infinite extensibility
of a polymer chain and as consequence, the thinning filament was presumed to never break
which is physically impossible (Bazilevsky et al., 1990).
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Figure 5.6 Exponential filament diameter profile of the 7.0 wt.% WF 600 fibre suspension.
(o) Experimental data and (red solid line) Regression line based on Equation 5.2. The
dashed rectangles contain intolerable deviated data points from the model predictions.

Figure 5.7 shows a more detailed graph, characterizing the stages based on different
regression equations. As mentioned previously, during the early stage, the filament thinning
profile was dominated by the balance between capillarity, inertia and viscous forces. At
first, the mid-plane diameter thinned down with a timescale set by an inertia-capillary

balance (also known as the Rayleigh timescale), as shown in Equation 5.3.

Tp = 1.95 /pRO3/a Equation 5.3

where 1 (S) is the Rayleigh timescale. The tz of 7.0 wt.% fibre suspension plotted in
Figure 5.7 is 0.023 s, as represented by the orange colour bullets. Immediately following
the inertia-capillary regime is a visco-capillary regime characterized by the linear decrease
in the mid-plane diameter profile, which was plotted in blue colour bullets. In this regime,
the capillary forces were balanced by the shear viscosity of the fibre suspensions. The mid-

plane diameter of the filament decreased linearly with time following Equation 5.4.
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D(t) =D, — (Zx_l) (i) t Equation 5.4

6 Mo

where D, (mm) is the initial filament mid-plane diameter during the start of the visco-
capillary regime. Regression of Equation 5.4 was performed on the experimental data
between the time, t =0.024 sand t = 0.200 s. t = 0.024 s was the start of the visco-capillary
regime right after the inertia-capillary regime while ¢t = 0.200 s was selected based on the
time when the regression line in Equation 5.2 starts to coincide with the experimental data
in Figure 5.6. Regression line of Equation 5.4 is shown in Figure 5.7. Refer to Appendix D

for a more detailed calculation regarding Equations 5.2-5.4.

The linear viscous thinning regime is followed by an elasto-capillary regime in which the
filament mid-plane diameter decays exponentially and is given by Equation 5.2. At this
regime, the capillary pressure arising from the surface tension is balanced purely by the
stress arising from the fluid elasticity. Regression of Equation 5.2 was performed on the
filament diameter data but excluding the initial and final stages inside the dashed
rectangular regions. This is shown in Figure 5.7. Regression of Equation 5.2 enables the
measurement of the relaxation time, t,. for the 7.0 wt.% WF 600 fibre suspension in Figure
5.7. The 7z of 7.0 wt.% WF 600 fibre suspension is 0.7 + 0.03 s. The z, obtained based on
the regression analysis, was used to predict the atomization performance. By doing so, the
predicted atomization performance of different fibre suspensions matches very well with
the experimental atomization performance. Please refer to Chapter 6 on atomization
performance. Hence, the exponential filament thinning curves produced in this study,
together with the regression fit based on Equation 5.2, are reliable in generating the
characteristic relaxation time, 7, of fibre suspensions. Future works may modify or
generate better constitutive equations to describe the flow phenomenon of fibre suspensions
in an extensional flow field. The current analysis, which used the simplest method;
Equation 5.2, can be used as a starting point. For each fibre suspension, three filament
thinning profiles were produced using the portable extensional rheometer. The plot in

Figure 5.7 represents only one curve from the three filament thinning profiles.
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Figure 5.7 Filament diameter profile of the 7.0 wt.% WF 600 fibre suspension highlighting
the identified different regimes. (0, orange colour) inertia-capillary regime, (o, blue colour)
visco-capillary regime and (o, black colour) elasto-capillary regime. (black line)
Regression line based on the visco-capillary regime and (red line) regression line based on
the elasto-capillary regime.

5.2.2 Effect of fibre aspect ratios on relaxation time, 1

The extensional rheology of different fibre suspensions were examined based on the
capillary breakup test performed on a portable extensional rheometer. Figures 5.8 and 5.9
show the filament diameter profiles as a function of time for 5.0 wt.% and 7.0 wt.% fibre
suspensions, respectively. Based on Figures 5.8 and 5.9, it is apparent that the relaxation
phases of 5.0 wt.% and 7.0 wt.% AF 400-30 and WF 101 fibre suspensions are less obvious
when compared to the 5.0 wt.% and 7.0 wt.% WF 600 and citrus fibre suspensions. This is
due to the WF 600 and citrus fibres having greater fibre aspect ratios than the AF 400-30
and WF 101 fibres. The capillary breakup test conditions were all similar. Hence, it means
during the capillary breakup tests, by applying the same strength of extensional
deformation, individual fibre particles unravelled and evolved at different rates and thus
contributed to different steady-state extensions. Figures 5.8 and 5.9 show the greater fibre
aspect ratios of WF 600 and citrus fibres required more time to unravel, stretch and elongate

before reaching the critical condition where the filaments finally break. In other words, it
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means the longer and greater aspect ratio fibres created stronger extensional resistance
inside the filament during the thinning process. This explains the longer relaxation phase
of WF 600 and citrus fibre suspensions compared to the AF 400-30 and WF 101 fibre
suspensions which are relatively short. As mentioned previously, the relaxation phase

corresponds to the stress arising from the liquid elasticity.

In addition to the contribution by the individual fibres, fibre aggregates were also present
during the flow. The greater aspect ratio fibres such as WF 600 and citrus fibres induced
greater probability of fibre interaction which then form stronger fibre aggregates. When
stretching and extensional deformation were applied to the fibre suspensions, stronger fibre
aggregates required longer time to deform and break compared to the looser aggregates
formed by the lower aspect ratio of AF 400-30 and WF 101 fibres. This reasoning can also
be supported by the apparent longer relaxation phase of each 7.0 wt.% fibre suspension
when compared to its corresponding 5.0 wt.% fibre suspension because the 7.0 wt.% fibre

suspension developed stronger fibre aggregates.

For each fibre suspension, three different capillary breakup tests were performed. Figures
5.8 and 5.9 show a representation of one curve for each fibre suspension. Appendix E
contains all the filament thinning curves used in acquiring the average relaxation time of a
specific fibre suspension. A similar analysis as explained in Section 5.2.1 was performed
on all filament thinning curves plotted in Appendix E to determine the relaxation time, z,..
The 7, values for the fibre suspensions are tabulated in Table 5.1. Figure 5.10 clearly
highlights the similarity and difference in the relaxation time of fibre suspensions based on

the fibre aspect ratios.
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Figure 5.8 Filament diameter profile of 5.0 wt.% fibre suspensions measured on a portable
extensional rheometer. (0) AF 400-30, (o) WF 101, (¢) WF 600 and (%) citrus fibre.
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Figure 5.9 Filament diameter profile of 7.0 wt.% fibre suspensions measured on a portable
extensional rheometer. (o) AF 400-30, (o) WF 101, (¢) WF 600 and (%) citrus fibre.
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Table 5.1 Relaxation time, 7, for 5.0 wt.% and 7.0 wt.% of different fibre suspensions
measured using the portable extensional rheometer.

_ ) _ Fibre fraction Relaxation time, 7,
Fibre suspensions Aspect ratio
(Wt.%) (s)
5.0 0.12 +£0.01
AF 400-30 2-3
7.0 0.25+0.01
5.0 0.15+0.01
WEF 101 2-3
7.0 0.24 £ 0.02
5.0 0.34 £ 0.03
WF 600 8-10
7.0 0.70 £ 0.03
5.0 0.33 +£0.03
Citrus fibre 8-10
7.0 0.72 £ 0.06
0.8 -
0.7 1
= 0.6 -
(5}
£ 05
c
2 04 -
(L]
2 03 -
(3}
vd
0.2 -
0.1 -
0.0 . .
5 7

Fibre fraction (wt.%)

Figure 5.10 Relaxation time of 5.0 wt.% and 7.0 wt.% fibre suspensions. (black shading)
AF 400-30 with aspect ratio 2-3, (red shading) WF 101 with aspect ratio 2-3, (blue shading)
WEF 600 with aspect ratio 8-10 and (green shading) citrus fibre with aspect ratio 8-10.
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5.2.3 Effect of fibre aspect ratios on extensional viscosity

Other than the relaxation time, 7, of fibre suspensions, apparent extensional viscosity of
fibre suspensions can be calculated as an another way to quantify the extensional rheology.
Anna and McKinley (2001) have shown that during the capillary breakup test, the filament
diameter profile could be differentiated to find the transient extensional viscosities, n7
based on Equation 5.5 (Anna & McKinley, 2001).

ng = —o/(dD(t)/dt) Equation 5.5

Equation 5.5 uses the derivative of the filament diameter profile, dD(t)/dt in calculating
the n#. To find the derivative of the mid-plane diameter, dD(t)/dt of fibre suspensions,
the measured data of the mid-plane diameter, D(t) plotted in Figures 5.8 and 5.9 were
directly differentiated by applying a polynomial order of 3 to 5. The D(t) used in the
differentiation includes the visco-capillary and elasto-capillary regimes. Hencky strain,
€(t) as in Equation 5.6 is the strain experienced by the filament at the axial mid-plane at
time t and thus can be defined using the mid-plane filament diameter during the capillary

breakup test.
e(t) = 21In(Dy/D(t)) Equation 5.6

Figures 5.11 and 5.12 show the variation of n# of the 5.0 wt.% and 7.0 wt.% fibre
suspensions as a function of Hencky strain, respectively, obtained by using Equation 5.5.
Appendix F shows a detailed example in calculating the nz for the 7.0 wt.% WF 600 fibre
suspension. The physical meaning of the plot of the n# against Hencky strain is very similar
to the interpretation of the plot of shear viscosity against shear rates. The two peaks
displayed by some of the curves in Figures 5.11 and 5.12 are suspected to be due to the
difference in the order of the polynomial function applied during the differentiation and is
regarded as insignificant. This is because, changing the polynomial order, for example from
3 to 5, will change the curves from one peak to two peaks. The polynomial order for each
fibre suspension was appointed based on the quality of the fit to the experimental data. The
exponential filament thinning profiles as opposed to the linear profile shown in Figures 5.8
and 5.9 are adequate to indicate that the fibre suspensions exhibit extensional behaviour,
along with shear rheology. However, the plot of the n; against Hencky strain is important

to determine the dominant resistance between the shear and extensional viscosities.
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Based on Figures 5.11 and 5.12, the 5.0 wt.% and 7.0 wt.% fibre suspensions show a trend
where the extensional viscosity first increases against the Hencky strain and after that, the
extensional viscosity keeps on decreasing for the rest of the Hencky strain. The increase in
the transient extensional viscosity happened when the fibres orientate, stretch and elongate
due to the pure extensional flow created inside the filament. Whereas the peak in the
extensional viscosity curve occurred when the fibres reached the critical stretching point.
After that, the extensional resistance could not resist the thinning, and this led to the decay
in the transient extensional viscosity. The trend for the fibre suspensions is different from
the behaviour observed previously on polymer solutions, where the latter usually
incorporates only an increase in the extensional viscosity or called extension thickening
(Eastman et al., 2000; Jaishankar et al., 2015; Sachdev et al., 2016). The studies on
extensional viscosity are very scarce, especially with regard to fibre suspensions. The only
study done on fibre suspensions used carbon nanofibre by Xu et al. (2005), their results

showed carbon fibre suspensions behaved as an extension thinning liquids.

For both 5.0 wt.% and 7.0 wt.% fibre concentrations, the extensional viscosity is greater
for the higher aspect ratio fibres. Figures 5.11 and 5.12 indicate that the extensional
viscosity of fibre suspensions is dependent on the fibre aspect ratio, similar to the shear
viscosity. It is well-established that the transient extensional viscosity, nz of some liquids
with extensional behaviour, can be orders of magnitude larger than the corresponding shear
viscosity (Jaishankar et al., 2015). By comparing the apparent extensional viscosity of 5.0
wt.% fibre suspensions in Figure 5.11 to the shear viscosity in Figure 4.3, the fibre
suspensions can be said to have relatively greater extensional viscosity compared to the
shear viscosity. Trouton ratio, Tr, as shown in Equation 5.7, is a ratio of the transient
extensional viscosity to the zero-shear viscosity, u, and Tr is constant at 3 for Newtonian
fluids.

Tr = ng/uo Equation 5.7

In the case of fibre suspensions, the Tr is not constant and at every Hencky strain, the Tr
is always more than 8. It shows the dominance of extensional resistance over shear

resistance in a flow consists of both shear and extensional flow fields.
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Figure 5.11 Transient extensional viscosity of different 5.0 wt.% fibre suspensions obtained
by using Equation 5.7. (o) AF 400-30 with aspect ratio 2 — 3, (o) WF 101 with aspect ratio
2 — 3, (0) WF 600 with aspect ratio 8 — 10 and (x) citrus fibre with aspect ratio 8 — 10.
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Figure 5.12 Transient extensional viscosity of different 7.0 wt.% fibre suspensions obtained
by using Equation 5.7. (o) AF 400-30 with aspect ratio 2 — 3, (o) WF 101 with aspect ratio
2 — 3, (0) WF 600 with aspect ratio 8 — 10 and (x) citrus fibre with aspect ratio 8 — 10.
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5.3

Conclusions

The small-amplitude oscillatory test showed that fibre suspensions behave as
viscoelastic liquids. The elastic modulus, G’ of the fibre suspensions represents the
solid-like behaviour. It remained fairly constant as the temperature was varied.
The capillary breakup tests performed on a portable extensional rheometer
confirmed that fibre suspensions exhibit extensional behaviour, based on the
exponential filament diameter profiles.

Relaxation time, 7, and transient extensional viscosity, nF were calculated to
quantitatively study the extensional rheology of fibre suspensions. Both properties
were dependent on the fibre aspect ratio and fibre fraction, with greater z and n7 for
the higher aspect ratio fibres and greater fibre fraction.

The transient extensional viscosity, n; of fibre suspensions, was relatively greater

than its corresponding shear viscosity.
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Chapter 6 Two-fluid atomization of fibre suspensions

Chapter 6 describes the atomization behaviour and performance when using a two-fluid
nozzle. Previous Chapters 4 and 5 have discussed the shear and extensional rheology of
fibre suspensions, respectively. The rheology of the fibre suspensions plays an important

role in the atomization of the fibre suspensions, as will be explained in this chapter.

Section 6.1 presents the atomization parameters used throughout the atomization
experiments. Section 6.2 briefly justifies the selection of a two-fluid nozzle as the main
nozzle used to atomize the fibre suspensions and Section 6.3 shows the atomization pattern
of the non-Newtonian viscoelastic fibre suspensions when atomized using the two-fluid
nozzle. Section 6.4 discusses in detail the droplet size analysis of the fibre suspensions
based on experimental observations while Section 6.5 validates the droplet sizes using
theoretical predictions. Section 6.6 shows the morphology of the droplets with fibres inside
the droplets. Lastly, Sections 6.7 and 6.8 both examine the effect on the atomization
performance when some of the atomization parameters were changed. These include the
increase in feed temperature, the addition of an ultrasonic mechanism to the two-fluid
nozzle and the change in the inlet feed rates.

6.1  Atomization parameters

The experiments were mainly conducted at a constant liquid flow rate, @, of 90 mL/min,
which produced a velocity inside the liquid orifice, U, of 0.85 m/s. The atomizing air
velocities, U, through the annular orifice were varied between 40 m/s and 240 m/s. The
corresponding liquid Reynolds number, Re; as in Equation 6.1, was maintained constant,
while the Weber number, We as in Equation 6.2 was varied between 4.5 x 10* and 1.2 x
108,

PLULZ_nD]n )

Re; = pLULD]/[.l e —y Equation 6.1
K( 4n ) 8

We = p, (U, — Ug)*D, /o Equation 6.2
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where p; (kg/mq), u (Pa.s), o (N/m) are the density, shear viscosity and surface tension of
the fibre suspensions, respectively. D, (mm) is the jet diameter and U, (m/s) and U (m/s)
are the velocity of the fibre suspensions and atomizing air, respectively. The final form of

Re;, in Equation 6.1 shows the modified Reynolds number for non-Newtonian fluids.

The characteristic shear viscosity used in calculating the Re; was chosen based on the wall
shear rate, ¥ (s) experienced inside the orifice. For non-Newtonian liquids with a power-
law index, n, such as fibre suspensions, the shear rate is given in Equation 6.3, where Q,,
(mL/min) is the liquid flow rate (Fredrickson, 1964).
v =@n+1/n) (QL/n (D, /2)3) Equation 6.3

The calculated shear viscosity based on the instantaneous wall shear rate should only be
taken as an approximation. Based on Equation 6.3, the shear rate inside the liquid orifice
was calculated to be approximately 5000 s for all fibre suspensions. This shear rate inside
the liquid orifice corresponds to the Re; of between 4 and 5 depending on the type of fibre
suspensions. Strain or extension rates inside the liquid orifice can be estimated based on
Equation 6.4 (Lindstedt et al., 2005), where H (m) is the orifice length. Based on Equation

6.4, the bulk strain rate inside the orifice was calculated to be approximately 900 s,
Sp=2(U,/H) Equation 6.4

The calculated value of strain rate can only be referred to as bulk strain rate, as it uses the
bulk nozzle exit velocity of the liquid while in reality, the strain or extension of liquid
mainly occurs outside of the orifice when the high atomizing air velocity stretches the
liquids or ligaments. Similarly, the predicted shear rate, based on Equation 6.3, is true only
inside the nozzle orifice. During the atomization process, when a high atomizing air
velocity impacts the surface of the liquid jet, it is certain that the actual shear rate during
the atomization is far greater than can be predicted by Equation 6.3. Hede et al. (2008)
proposed a relationship, as shown in Equation 6.5, to calculate the shear rate during the
atomization after the liquid exits the nozzle orifice, with an assumption that momentum is
transferred between the liquid feed and atomizing air in the mixing zone, and both leave
the atomization zone at a constant average velocity, U,,. It means that the relationship by
Hede et al. (2008) predicts the maximum allowable shear rate during the atomization at a

specific air velocity, and this prediction is true right at the nozzle exit only, when the liquid
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is first being impacted by the high air velocity. The shear rate is expected to reduce further

downstream from the nozzle exit.

V= 2(Way — U)/D)) Equation 6.5

Based on Equation 6.5, at an atomizing air velocity of 40 m/s, the estimated shear rate
during the atomization is approximately 25 000 s, while at an atomizing air velocity of
150 m/s, the shear rate exceeds 50 000 s™.

The shear and strain rates based on Equations 6.3-6.5 were calculated as approximations.
The actual shear and strain rates can be predicted accurately by using a high-speed imaging
technique, by observing the micro shearing and stretching of the liquids and ligaments. As
explained in Chapter 3, Section 3.5, a strobe-light technique was used throughout the
atomization experiments with the purpose to freeze the ligaments and droplets, to clearly
observe the atomization patterns, shape and size of the droplets. The reason for not utilizing
the high-speed camera technique is because of the limitation of that technique at very high
air velocities. By applying an air velocity of more than 150 m/s, a high-speed camera with
at least 15 000 fps is needed to capture the atomization patterns, and this was not available.
The use of the strobe-light technique produced adequate images of the atomization patterns
and droplets, but, the velocity data was missing. The velocity data is useful to accurately
predict the shear and strain rates during the atomization. The main purpose of Chapter 6 is
to show the atomization patterns of fibre suspensions and how they proceed as the air
velocity was increased. It is also important to differentiate the atomization mechanisms
between the liquids with extensional resistance and the liquids with only shear resistance.
Based on the broad purposes of Chapter 6, the actual shear and strain rates during the
atomization may not be necessary to know at this stage, instead, the Weber number, We
which represents the disruptive forces contributed by the high atomizing air velocity, is the

main parameter to be stated in characterizing and explaining the atomization patterns.

6.2 Choice of the two-fluid nozzle

At the very high shear rates encountered at the nozzle of more than 10 000 s, the shear
viscosities of 5.0 wt.% fibre suspensions are reduced. This is shown in Section 4.2.1, Figure

4.11, where the viscosity of the fibre suspensions was measured using a capillary
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viscometer. Due to pumping limitation, only data up to 20 000 s is shown in Figure 4.11.
As shown in Figure 4.11, the viscosity of each fibre suspension can be said to
approximately reach a plateau limitation at a shear rate above 30 000 s™. Therefore, the
shear thinning of the fibre suspensions was finished such that increasing the shear rate
above a certain value would not reduce the shear viscosity further. Figure 4.11 subtly shows
that the use of a conventional pressure nozzle to atomize the fibre suspensions may not be
efficient. The principal of the pressure nozzle is the conversion of pressure energy within
the liquid into kinetic energy by applying high pumping pressure. As shown in Figure 4.11,
increasing the pumping energy, and hence increase the bulk flow rate through the nozzle
and the shear rates after a certain point, will not result in any significant decrease in shear
viscosity. The rheology study shows that fibre suspensions exhibit extensional resistance
along with the shear resistance. The two-fluid nozzle was chosen due to its ability to supply
high atomizing air velocity to stretch the ligaments of the fibre suspensions and thus
overcome the extensional resistance, a mechanism that is not available in the single fluid

pressure nozzle and rotary atomizer.

6.3  Breakup visualization

The atomization behaviour patterns and features captured during the atomization
experiments give an insight into the fluid breakup mechanisms involved during the
atomization of fibre suspensions by high atomizing air velocity. The main purpose is to
compare the breakup features between Newtonian liquid and shear thinning fibre
suspensions with extensional properties and to observe the changes induced by the

extensional properties of the fibre suspensions.

6.3.1 Effect of shear rheology

Figure 6.1 contains images showing the breakup of concentrated apple juice, where Figure
6.2 shows the breakup of fibre suspensions. The atomization patterns shown in Figure 6.2
indicate the atomization appearances of all fibre suspensions looked very similar. The
atomizing air velocity applied were all the same, approximately 40 m/s. Upon applying 40
m/s air velocity to the fibre suspensions, all fibre suspensions broke up and displayed a

rope-like ligament pattern. The liquid streams or ligaments remained intact and underwent
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erratic excursions away from the centreline. This breakup pattern is very similar to a
Newtonian liquid breakup shown in Figure 6.1, specifically the concentrated apple juice
without fibres. The concentrated apple juice exhibits shear resistance with no extensional
resistance to breakup. This suggests the dominant resistance during atomization at 40 m/s
atomizing air velocity was the shear viscosity of the fibre suspensions. At 40 m/s atomizing
air velocity, the shear rate is more than 20 000 s, as suggested by Hede et al. (2008). At
this shear rate, the difference in the shear viscosity of the fibre suspensions with different
aspect ratios is insignificant. This situation resulted in the very similar breakup pattern.

Other than the similar breakup patterns between 5.0 wt.% AF 400-30, 5.0 wt.% WF 101,
5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions, the appearances of all sprays were
marked by an extremely short jet breakup length. The images in Figure 6.2 were taken at a
position 10 mm below the nozzle, which means all fibre suspensions achieved a breakup
length of, at most, 10 mm. Figure 6.3 shows the full spray images of 5.0 wt.% AF 400-30,
5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions. The sprays
were captured with a DSLR camera. The spray angle of all 5.0 wt.% fibre suspensions was
at least 40°, the specified cone angle of the nozzle. This indicates that a fully developed
spray was produced for all types of fibre suspensions.

As shown in Figure 6.1, the breakup of Newtonian apple juice seems more vigorous and
well-dispersed, with some observable droplets. Figure 6.2 shows that the breakup of 5.0
wt.% fibre suspensions was less vigorous with significantly thick unstable ligaments. This
is due to the significantly greater shear viscosity of 5.0 wt.% fibre suspensions compared
to the lower shear viscosity of apple juice. If the 5.0 wt.% fibre suspensions have negligible
extensional resistance like Newtonian liquids such as water and the concentrated apple
juice, increasing the atomizing air velocity will disintegrate the ligaments by collapsing the
ligaments into a multiplicity of small droplets immediately downstream of the atomizer
(Chigier & Farago, 1992). This is because a greater air velocity provides a greater shear
rate to the fibre suspensions. At that high-velocity high shear rate, the shear viscosity of the
fibre suspensions is lower and allows the formation of droplets immediately downstream
from the atomizer. However, as shown in the rheology study, the fibre suspensions
exhibited extensional resistance. Hence, although the fibre suspensions have a low shear
viscosity, the extensional resistance can prevent the formation of complete atomization

immediately downstream from the atomizer.
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Figure 6.1 Photographs of the breakup of Newtonian concentrated apple juice, at an
atomizing air velocity of 40 m/s. Images were captured at a position 10 mm below the nozzle
exit.
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Figure 6.2 Photographs of the breakup of 5.0 wt.% fibre suspensions at an atomizing air
velocity of 40 m/s. (a) AF 400-30 (b) WF 101 (c) WF 600 and (d) citrus fibre. Images were
captured at a position 10 mm below the nozzle exit. Ligaments are pointed out by white
arrows.
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(a) AF 400-30 (b) WF 101

(c) WF 600 (d) citrus fibre

Figure 6.3 Full spray images showing the spray angle for each 5.0 wt.% fibre suspensions
(@) AF 400-30 (b) WF 101 (c) WF 600 and (d) citrus fibre. The spray angles for all fibre
suspensions appeared to be at least 40°.
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Concentrated apple juice is a simple Newtonian liquid with insignificant extensional
properties (the extensional viscosity is approximately three times the shear viscosity).
Increasing the atomizing air velocity to approximately 60 m/s directly disintegrated the
ligaments of Newtonian apple juice by collapsing the ligaments into a multiplicity of small
droplets immediately downstream of the atomizer. This is shown in Figure 6.4. The greater
air velocity provided a greater shear rate to the liquid that produced the formation of
droplets immediately downstream from the atomizer. This behaviour was not observed
during the atomization of fibre suspensions at a greater air velocity above 40 m/s.

Figure 6.4 Photographs of the breakup of Newtonian concentrated apple juice, at an
atomizing air velocity of 60 m/s. Images were captured at a position 10 mm below
the nozzle exit.

6.3.2 Effect of extensional rheology

Unlike the breakup pattern dominated by shear viscosity, as shown in Figure 6.2, the pattern
with extensional resistance dominance is very different. The latter usually incorporates a
pattern where the liquid stream is well-dispersed and does not remain intact. As shown in
Figure 6.5, increasing the atomizing air velocity to 150 m/s did not result in the dispersion
of ligaments into droplets right after the nozzle as in the case of Newtonian liquid
atomization shown in Figure 6.4. Instead, the 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0
wt.% WF 600 and 5.0 wt.% citrus fibre suspensions, which exhibited extensional

properties, displayed a pattern of filamentary structures, connecting successive droplets
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together. The presence of the filaments prevented the pinch-off of droplets between each
other. A clear illustration of the situation is shown in Figure 6.5. Red circles in Figure 6.5
highlight the droplets, while the yellow arrows point to the pinch-off or necking region of
a filament. Due to the extensional properties of fibre suspensions, as evidenced from the
rheology study in Chapter 5, Section 5.2.1, the elastic filament induced additional tensile
stresses in their cross-sections at the pinch-off points, this increases its stability against
capillary forces and, thus, inhibited the breakup. This means the breakup of the filaments
was delayed and thus affected the final droplet formation. This breakup pattern is very
similar to polymer solutions which also exhibit extensional properties (Chao et al., 1984;
Hoyt et al., 1974).
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(a) AF 400-30

(c) WF 600 (d) citrus fibre

Figure 6.5 Photographs of the breakup of 5.0 wt.% fibre suspensions at an atomizing air velocity
of 150 m/s. (a) AF 400-30 (b) WF 101 (c) WF 600 and (d) citrus fibre. Images were captured at
a position 10 mm below the nozzle exit.
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Unlike extensional liquids, a Newtonian liquid breakup does not show the presence of
stretched filaments (Aliseda et al., 2008; Bailardi et al., 2010; Ochowiak et al., 2017). This
is evident during the atomization of concentrated apple juice, see Figure 6.4. The
Newtonian breakup also had a high stretching rate at high atomizing air velocity. However,
the stretched ligaments thinned down very quickly as a result of the capillary force and
were not resisted by the extensional resistance. This is clearly portrayed by the difference
in the filament thinning profile between Newtonian liquid and fibre suspensions as shown
in Chapter 5, Section 5.2.1, Figure 5.5. While the Newtonian liquid thinned linearly, the
filament thinning of 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0
wt.% citrus fibre suspensions occurred exponentially. Consequently, the filament of the 5.0
wt.% fibre suspensions broke up later compared to the Newtonian liquid. Based on Section
5.2.1, Newtonian liquids such as water or concentrated apple juice will undergo filament
thinning that breaks during the visco-capillary regime, while the 5.0 wt.% fibre suspensions

break up during the elasto-capillary regime.

Marmottant and Villermaux (2004) successfully explained the key fluid mechanical
features of a spray. By using a two-fluid nozzle and working with a Newtonian liquid, the
overall breakup process can be described by a sequence of instabilities. The liquid jet first
experiences a high shear rate at its surface, induced by the surrounding high-velocity flow
of air. This leads to the generation of waves on the jet surface. As the waves grow, the
acceleration of the high-velocity air elongates ligaments of the liquid into the air stream.
These stretched ligaments thin down in the neck region and ultimately detach from the jet.
After this, the detached ligaments fragment and stabilize into smaller droplets. Based on
Figure 6.5, the modification to the breakup pattern of fibre suspensions as compared to a
Newtonian breakup can be said to occur mainly when the fluid element reached a large
strain and rapid deformation rate that was generated in the final breakup and pinch off
stages. Based on the mechanisms worked out by Marmottant and Villermaux (2004), it is
believed that in the case of the fibre suspensions, shear resistance first controls the early
breakup stage while extensional resistance controls the final breakup stage. At first, the
calm liquid jet of fibre suspensions was disturbed to create waves or instabilities on the
liquid surface. These waves and instabilities are not generated through pulling or stretching
of the thick liquid jet by the surrounding atomizing air. Rather, the air sheared the outer jet
surface which then generated multiple thin liquid elements. This is referred to as ligaments,

as shown in Figure 6.2. At this stage, the shear viscosity opposed the destabilization of the
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jet or formation of waves and instabilities on the jet surface. Only after the formation of
ligaments did the air act to pull or stretch the multiple thin liquid elements or ligaments to
further break the ligaments and disperse them into a multiplicity of smaller droplets. At this
stage, the extensional viscosity resists the fragmentation of the ligaments into smaller
droplets by inducing additional tensile stresses or resistance at the cross-sections during the

pinch-off of ligaments or droplets. This is what is seen as filaments in Figure 6.5.

Based on Figure 6.5, all the 5.0 wt.% fibre suspensions showed a similar atomization
pattern where the droplets were connected to each other by filaments. The filaments were
seen to undergo a large stretching motion before they broke up, resulting in long threads of
liquid attached to droplets. Increasing the atomizing air velocity, and thus the extensional
rate, was expected to break the filaments faster compared to at 150 m/s atomizing air
velocity. Atomization or liquid breakup is a function of both disruptive and stabilizing
forces and occurs when the former force overcomes the latter. Increasing the atomizing air
velocity increases the disruptive forces while the stabilizing forces remained the same.
Figure 6.6 shows the atomization behaviour at the greater atomizing air velocity of 195
m/s. The quality of the images was reduced due to the higher atomizing air velocity. A mere
observation of the atomization images at a greater atomizing air velocity of 195 m/s
indicated that more filaments had already broken up at a position 10 mm below the nozzle.
As shown in Figure 6.6, more droplets appeared to have pinched off and broken from the
filaments. At the same time, some unbroken filaments still existed along with the pinched
off droplets. This might be due to the non-homogenous breakup nature that occurred during
the atomization. For example, not all the volume of the liquid jet that exited the nozzle
underwent similar atomization mechanisms at a particular time. This also explains the
differences in the thickness between the ligaments of a similar fibre suspension and the

droplet size distribution that will be explained in a later section.

It is difficult to evaluate the efficiency of the atomization based on the images of the
ligaments and filaments only taken at a position immediately after the nozzle exit. The
quality of the images was also reduced by the higher atomizing air velocity. The
observation and conclusions made, based on Figures 6.2, 6.5 and 6.6, are also inconclusive.
But, these images are still important in highlighting the difference in the atomization pattern
between the Newtonian solution and liquids with extensional properties, such as fibre
suspensions. The unique atomization pattern, which consisted of filamentary structures,

were due to the extensional properties that resisted the stretching of the ligaments. To better
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understand the effect of extensional resistance on atomization, atomization images were
captured at a position 50 mm below the nozzle. This was carried out to see the effect of
extensional resistance on the final droplet formation. Figure 6.7 shows the droplet
formation of 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus
fibre suspensions at an atomizing air velocity of 150 m/s. The images were converted into

binary images to ease the observation and analysis for droplet size measurements.

183



Chapter 6

(a) AF 400-30 (b) WF 101

(c) WF 600 (d) citrus fibre

Figure 6.6 Photographs of the breakup of 5.0 wt.% fibre suspensions at an atomizing air velocity of 195
m/s. (a) AF 400-30 (b) WF 101 (c) WF 600 and (d) citrus fibre. Images were captured at a position 10 mm
below the nozzle exit. White arrows are pointed out at droplets which one end was suggested to have visibly
pinched off from the filaments.
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Figure 6.7 shows that the droplet formation of liquid with extensional resistance was very
different from Newtonian droplets. Many previous works have shown the spherical and
symmetrical droplets of Newtonian liquids (Verma & Singh, 2015). In contrast, the
atomization of fibre suspensions, which exhibit extensional properties, results in the
formation of non-spherical and non-symmetrical droplets at a position 50 mm below the
nozzle. Specifically, the droplets were characterised by the presence of a bridge between
them. The existence of bridges, unsymmetrical droplets and non-spherical droplets were all
the consequences of a delay in the filament breakup at position 10 mm below the nozzle.
Based on the Newtonian breakup, the detachment of ligaments from the liquid jet is
ultimately followed by the fragmentation of the ligaments into a cascade of droplets.
Beyond that point, usually, the droplets will be dispersed into smaller droplets due to the
equilibrium effect of surface tension (Lefebvre, 1988). However, in the case of 5.0 wt.%
fibre suspensions, the breakup of filamentary structures was delayed, see Figure 6.5. It can
be observed that successive droplets are connected, or chunk of ligaments stay together.
This prevents the fragmentation of the ligaments into individual droplets. This later inhibits
the stabilization of the droplets into equilibrium size and shape at a position far below the
nozzle, such as at a position 50 mm below the nozzle. Droplets in Figure 6.7 were
characterised by the non-spherical shape and the presence of bridges. This must be due to
the insufficient time for the droplets to reach the equilibrium condition because of the delay
in the filament breakup. It is also possible that the strain rates or disruptive forces applied
were not enough to break the filaments at a position 10 mm below the nozzle. As a result,
some droplets at a position 50 mm below the nozzle were still connected by a bridge or

filaments.
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(c) WF 600

(d) citrus fibre

Figure 6.7 Photographs of the droplets of 5.0 wt.% fibre suspensions at an atomizing ai
velocity of 150 m/s. (a) AF 400-30 (b) WF 101 (c) WF 600 and (d) citrus fibre. Images were
captured at a position 50 mm below the nozzle exit. Each image was converted into a binary
image for clearer observation and easier analysis.
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As mentioned earlier, increasing the atomizing air velocity provided enough force to stretch
and break the filaments shown in Figure 6.5. The breakup of the filaments then resulted in
a better droplet formation at a position 50 mm below the nozzle. This is evident in Figure
6.8. The atomizing air velocity was increased to 195 m/s. Figure 6.8 shows a more spherical
and symmetrical final droplets formation. The presence of bridges between droplets due to
the insufficient forces to stretch and break the filaments beforehand, was also reduced. The
breakup of filaments or pinch-off of droplets at a position 10 mm below the nozzle at a
much higher atomizing air velocity provided enough time for all droplets to stabilize into
symmetrical spherical droplets. Large unsymmetrical droplets were also able to disintegrate

and stabilize into smaller droplets due to the surface tension effect.

For all fibre suspensions, the presence of bridges between droplets was absent when the
atomizing air velocity was increased to 195 m/s. A closer observation on Figure 6.8
indicates the droplets of 5.0 wt.% AF 400-30 and 5.0 wt.% WF 101 fibre suspensions were
smaller, more spherical and more symmetrical compared to the droplets of 5.0 wt.% WF
600 and 5.0 wt.% citrus fibre suspensions when the atomization occurred at the much
greater atomizing air velocity of 195 m/s. This might be due to the fibres’ aspect ratio.
Based on the extensional rheology study in Chapter 5, the 5.0 wt.% WF 600 and 5.0 wt.%
citrus fibre suspensions exhibited greater extensional viscosity during stretching due to the
greater fibres’ aspect ratio. As a consequence, the atomization of these fibre suspensions is
predicted to produce larger droplets. The deduction, made solely based on the observation
from Figure 6.8, is not compelling and robust. Furthermore, other images in Figures 6.5 —
6.7 do not show any clear, apparent and distinct differences between the atomization pattern
and droplets of the lower aspect ratio fibre suspensions and higher aspect ratio fibre
suspensions. Thus, droplet size analysis was used to look at the effect of the extensional

rheology due to fibre aspect ratio on the atomization performance.
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Figure 6.8 Photographs of the droplets of 5.0 wt.% fibre suspensions at an atomizing air velocity
of 195 m/s. (a) AF 400-30 (b) WF 101 (c) WF 600 and (d) citrus fibre. Images were captured at a
position 50 mm below the nozzle exit. Each image was converted into a binary image for clearer
observation and easier analysis.
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6.4 Droplet size measurement

6.4.1 Effect of atomizing air velocity

Evaluating the ability of atomization performance through a qualitative comparison of
several captured images alone may be misleading. Hence, it is necessary to perform droplet
size analysis on all fibre suspensions of 5.0 wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.%
WEF 600 and 5.0 wt.% citrus fibre suspensions. The flash photography technique produced
images of droplets such as in Figures 6.7 and 6.8. MATLAB image analysis was then
performed on the images taken at a position 50 mm below the nozzle. Appendix C shows
the MATLAB code generated to analyse the droplets produced by the flash photography
technique.

D(v,10) is the diameter at which 10% of the sample's volume is comprised of droplets with
a diameter less than this value. D(v,50) is defined as the diameter where half of the sample's
volume has droplets with a diameter less than this value. Similarly, D (v,90) is the diameter
at which 90% of the sample's volume contains droplets with a diameter less than this value.
Figure 6.9 plots the D(v,10), D(v,50) and D(v,90) values for the droplet sizes of the 5.0
wt.% AF 400-30, 5.0 wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions
obtained from the MATLAB image analysis as a function of air velocity. When the
atomizing air velocity was increased from 150 m/s to 240 m/s, the droplet sizes of all 5.0
wt.% fibre suspensions were reduced. As shown earlier, the atomization of the fibre
suspensions at an atomizing air velocity of 150 m/s produced filamentary structures at 10
mm below the nozzle, where the filamentary structures connected chunks of ligaments or
droplets to each other. It means that most of the droplets were not directly pinched-off from
the filaments right below the nozzle. As a consequence, some of the droplets were still
connected by a bridge at a position 50 mm below the nozzle due to insufficient force to
stretch and break the filaments and there was less time for droplets to reach equilibrium
shape and size. The later breakup of filaments and the presence of the unbroken filaments
or bridges, non-spherical and non-symmetrical droplets at a position far below the nozzle
consequently resulted in large droplet size measured by the MATLAB image analysis.
Increasing the air velocity to 240 m/s provided greater strain rates and thus sufficient
disruptive forces to stretch and break the filaments at a position 10 mm below the nozzle.

The breakup of the filaments and pinched-off of droplets right after the nozzle led to the
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formation of more symmetrical spherical droplets at a position 50 mm below the nozzle.
The presence of bridges connecting droplets together was also reduced. All these
consequences resulted in the smaller droplet sizes measured by the MATLAB image
analysis.

As shown in Figure 6.9, increasing the atomizing air velocity during the atomization
reduced the droplet sizes regardless of the fibre types. Atomization occurs when disruptive
forces overcome the stabilizing forces of the fluid. In the case of the two-fluid atomization
of fibre suspensions, the atomizing air velocity was the disruptive force that stretches the
liquids or ligaments while the surface tension, shear and extensional resistance resist the
breakup of the ligaments which then reduced the atomization performance as a whole.
Increasing the atomizing air velocity and thus the extensional strain rate was efficient in
stretching and breaking the ligaments which improved the atomization performance by
reducing the population of large droplets in the size distribution. The atomization
performance here means the formation of smaller droplets at a position 50 mm below the
nozzle that will affect the efficiency of drying in the spray dryer. While increasing the
atomizing air velocity in two-fluid atomization was efficient, increasing the pumping
pressure in pressure nozzle atomization is predicted to be inefficient. This was discussed in
detailed in Section 4.2.1 where increasing the pumping pressure inside a capillary
viscometer increased the shear rates, but, at the same time induced significance pressure
drop at the nozzle entrance due to the elasticity of the fibre suspensions. It shows that the
atomization of fibre suspensions with extensional properties should utilize a two-fluid
nozzle due to its ability to supply high atomizing air velocity as a means to provide a large

enough extensional strain rate to break the ligaments of the fibre suspensions.
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Figure 6.9 Droplet size distribution analysis based on the droplet formation at position 50
mm below the nozzle. The results were generated based on the MATLAB image analysis.
Atomizing air velocity was increased from 150 m/s to 240 m/s. (a) 5.0 wt.% AF 400-30 (b)
5.0 wt.% WF 101 (c) 5.0 wt.% WF 600 and (c) 5.0 wt.% citrus fibre suspensions.
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The droplet sizes of the fibre suspensions during the two-fluid atomization was also
measured using a Malvern Mastersizer S. The results generated using a Malvern
Mastersizer are shown in Figure 6.10. The results generated by MATLAB image analysis
and Malvern Mastersizer were compared based on two analyses which were the Passing-
Bablok and the paired t-test analyses.

The Passing-Bablok analysis is a method validation analysis, it tests the null hypothesis
that there is a relationship between two variables, which were the D-values generated by
MATLAB and Malvern Mastersizer methods, are linear. A p-value of more than 0.05 was
obtained for each type of fibre suspensions, which gives strong evidence that the two
methods showed a linear relationship. The linear relationship between the D-values
generated by MATLAB and Malvern Mastersizer means that a good correlation exists
between the D-values. The results of the p-value for each fibre suspension from the Passing-
Bablok analysis are tabulated in Table 6.1. Figure 6.11 shows an example of the linear
relationship between the droplet sizes generated using MATLAB image analysis and
Malvern Mastersizer method, obtained through a regression analysis. The droplet sizes
include all the D-values of 5.0 wt.% WF 600 fibre suspension between 150 m/s and 240
m/s atomizing air velocity. The plot further indicates that a good correlation was obtained
between the droplet sizes generated by the two different methods. To support the statement,
Table 6.2 shows the slope produced by MATLAB image analysis method, for example as
shown in Figure 6.11, were statistically the same as 1 for all types of fibre suspensions.
This indicates that the slope produced by MATLAB image analysis method were
statistically the same as the slope produced by Malvern Mastersizer method. Appendix G
explains in more detailed about the Passing-Bablok method, especially the regression

analysis that produced Figure 6.11.

A second analysis was performed to support the findings from the Passing-Bablok analysis.
The paired t-test is usually used to determine if there is significant difference between the
means of two groups which the two groups may be related in certain features. In the
atomization of fibre suspensions, the two groups were the D-values generated by MATLAB
image analysis and the D-values obtained by Malvern Mastersizer. During the t-test, each
D-value generated using MATLAB image analysis was paired with the corresponding D-
value obtained using the Malvern Mastersizer. For example, the D(v,10) of 5.0 wt.% WF
600 at an atomizing air velocity of 150 m/s generated using the MATLAB image analysis
was paired with the corresponding D(v,10) of 5.0 wt.% WF 600 obtained using the Malvern
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Mastersizer. Similar pairings were set for D(v,50) and D(v,90) for all fibre suspensions, at
different atomizing air velocities. The paired D-values were then analysed using the t-test.
The null hypothesis assumed that the true mean difference was equal to zero. P-values of
more than 0.05 was obtained for all pairings which indicate strong evidence that the two
methods gave the same results. In other words, it means that there was no significant
difference between the means of the two different methods. It indicates that the means of
the D-values generated by MATLAB image analysis were similar to the means of the D-
values obtained using the Malvern Mastersizer. Table G1 in Appendix G listed the p-values

for each pairing.

Table 6.1 p-value obtained through the Passing-Bablok analysis based on the comparison
between the D-values generated by MATLAB image analysis and Malvern Mastersizer.

Fibre suspension p-value
5.0 wt.% AF 400-30 0.893

5.0 wt.% WF 101 0.441

5.0 wt.% WF 600 0.893
5.0 wt.% citrus fibre 0.893
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Figure 6.10 Droplet size analysis based on droplet formation at position 50 mm below the
nozzle. The results were obtained using a Malvern Mastersizer. Atomizing air velocity was
increased from 150 m/s to 240 m/s. (a) 5.0 wt.% AF 400-30 (b) 5.0 wt.% WF 101 (c) 5.0
wt.% WF 600 and (c) 5.0 wt.% citrus fibre suspensions.
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Figure 6.11 A plot showing the relationships between MATLAB image analysis and
Malvern Mastersizer. (o) Experimental results based on MATLAB image analysis for 5.0
wt.% WF 600 fibre suspension, (----) the ideal situation if Y (MATLAB results) perfectly
equals to X (Malvern Mastersizer results), (=) fitted regression line based on MATLAB
image analysis data and (—) regression line confidence bands (95% confidence interval).
Refer to Appendix G for clarification.

Table 6.2 Slopes coefficients based on the Passing-Bablok analysis.

) ) Slope Lower bound | Upper bound
Fibre suspensions o
coefficient 95% 95%
5.0 wt.% AF 400-30 0.94 0.78 1.00
5.0 wt.% WF 101 1.00 0.86 1.07
5.0 wt.% WF 600 0.93 0.74 1.03
5.0 wt.% CF 0.86 0.74 1.00
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Based on Figures 6.9 and 6.10, increasing the atomizing air velocity reduced the D(v,90),
followed by the D(v,50) and had the least effect on D(v, 10). The less significant reduction
in D(v, 10) could be due to the atomization performance reaching its limit of size reduction
where the surface tension forces that hold the droplets and the aerodynamic pressure outside
the droplets are in equilibrium with the droplets internal pressure (Lefebvre, 1988). The
D(v,90) reduced significantly compared to the D (v,10) due to the absence of large and
connecting droplets at much greater atomizing air velocities. Hence, the smaller droplets
represented by the D(v,10) were controlled by the surface tension pressure limit where
increasing the atomizing air velocity did not significantly reduce the D(v,10). Meanwhile,
the bigger droplets or D(v,90) was controlled by the atomizing air velocity where increasing
the air velocity significantly overcame the extensional resistance and produced smaller
droplets.

6.4.2 Effect of fibre aspect ratio

Figures 6.9 and 6.10 show that the D-values of low aspect ratio fibre suspensions of 5.0
wt.% AF 400-30 and 5.0 wt.% WF 101 were lower than the high aspect ratio fibre
suspensions of 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions, especially at the
lowest atomizing air velocity of 150 m/s. This is due to the greater extensional resistance
exhibited by the 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions, due to the longer
fibres and higher aspect ratio. A clearer interpretation is shown in Figure 6.12(a) which
shows the difference in the D-values as a function of fibre aspect ratios at an atomizing air

velocity of 150 m/s.

As shown in Figure 6.12(a), the D-values of the fibre suspensions with high aspect ratios
of 8 — 10 were higher than the fibre suspensions with low aspect ratios of 2 — 3. However,
increasing the atomizing air velocity to 240 m/s reduced the difference between the D-
values. This is visible in Figure 6.12(b) which shows the difference in the D-values as a
function of fibre aspect ratios at atomizing air velocity of 240 m/s. As shown in Figure
6.12(a), the difference in the D(v,90) of the low and high aspect ratio fibre suspensions at
150 m/s are large, while Figure 6.12(b) shows that the difference in the D(v,90) becomes
significantly smaller when the atomizing air velocity was increased to 240 m/s. It is
suggested increasing the atomizing air velocity to 240 m/s or beyond may not yield much

difference in the droplet sizes between the low and high aspect ratio fibre suspensions. This
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must be due to the limits in the extensional resistance resisting breakup. Possibly at an
atomizing air velocity of 150 m/s, the resistance in the high aspect ratio fibre suspensions
was greater so the fibres resist the breakup stronger compared to the low aspect ratio fibre
suspensions. At 240 m/s atomizing air velocity, the disruptive forces are great enough that
the extensional resistance is overcome so there is no observed difference between the
breakup of the short and long fibre suspensions. This can be supported by looking at the
span. Figure 6.13 shows the reduction in the span when the atomizing air velocity was
increased from 150 m/s to 240 m/s. Increasing the atomizing air velocity from 150 m/s to
240 m/s reduced the span of all 5.0 wt.% fibre suspensions. The spans of the low aspect
ratio fibre suspensions of 5.0 wt.% AF 400-30 and 5.0 wt.% WF 101 were visibly lower
than the spans of the high aspect ratio fibre suspensions of 5.0 wt.% WF 600 and 5.0 wt.%
citrus fibre suspensions at atomizing air velocity of 150 m/s. However, the spans of all low
and high aspect ratio fibre suspensions were similar when the atomizing air velocity was

increased to 240 m/s.
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Figure 6.12 D-values of the 5.0 wt. % AF 400-30 and 5.0 wt.% WF 101 fibre suspensions
with aspect ratios of 2 — 3, and the 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions
with aspect ratio of 8 — 10. (a) At an atomizing air velocity of 150 m/s and (b) at an
atomizing air velocity of 240 m/s. The D-values shown are taken from the Malvern
Mastersizer results.
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Figure 6.13 Span of droplet size distribution, [D(v,90) — D(v,10)] / D(v,50), as a function
of increasing atomizing air velocity. (0) 5.0 wt.% AF 400-30 (o) 5.0 wt.% WF 101 (©) 5.0
wt.% WF 600 and (x) 5.0 wt.% citrus fibre suspensions. The error bars refer to the standard
deviation of the sample.

Overall, it is evident that the droplet sizes of fibre suspensions were bigger than Newtonian
liquids where the atomization of Newtonian liquids in a two-fluid nozzle usually produced
droplets with average droplet sizes of less than 150 pum (Aliseda et al., 2008; Buckner &
Sojka, 1991). This agrees with previous studies by Christanti and Walker (2006), Mansour
and Chigier (1995) and Mun et al. (1999). All these studies show that the addition of
elasticity can lead to significant changes in atomization performance, especially in the

production of larger average droplet sizes of the sprays.

In atomizing extensional liquids, greater disruptive forces are required. This is evident from
the Weber number, We used in this study. Previous authors suggested a critical We between
4 and 100, above which the atomization occurs (Derby, 2010; Hanson et al., 1963; Wierzba,
1990). Throughout this study, the minimum We of 4.5 x 10* did not yield complete
atomization, as shown in Figure 6.2. This is highly related to the parameter that is being
considered as the stabilizing force in generating the We equation, as shown in Equation 6.2.

In Equation 6.2, surface tension is regarded as the dominate stabilizing force opposing
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atomization. However, this is only true for Newtonian liquids as they exhibit insignificant
extensional behaviour. In fibre suspensions atomization, the extensional behaviour of the
liquid dominates the atomization resistance. A much greater disruptive force is required to
overcome the extensional resistance as suggested by the We needed in this study to induce
atomization. The relatively lower critical We reported by previous authors is true only for
Newtonian liquids or water. Thus, there is a need in revising the critical We requires to

achieve atomization for liquids such as fibre suspensions.

6.5  Theoretical prediction of droplet sizes in a two-fluid nozzle

Atomization is the process of disrupting liquid sheets into droplets due to the disruptive
and stabilizing forces. By identifying the forces involved, previous works have developed
different correlation equations in attempts to predict the atomization performance,
specifically the droplet sizes (Aliseda et al., 2008; Masters, 1979; Rajan & Pandit, 2001,
Varga et al., 2003). However, as the importance of extensional rheology in influencing the
atomization of non-Newtonian liquids was not studied, all the models do not include the
effect of extensional properties such as the extensional viscosity or relaxation time of the
liquids. This section shows the difference in the droplet sizes of fibre suspensions predicted
using two different theoretical equations. Aliseda et al. (2008) developed a theoretical
equation to predict the droplet sizes inside a two-fluid nozzle and Keshavarz et al. (2015)

extended the equation to include the properties of extensional rheology in their prediction.

6.5.1 Prediction of droplet size of fibre suspensions using Keshavarz et al. (2015)

relationship

During the atomization, the enhanced resistance of the fibre suspensions to stretching
coming from the extensional properties of the fibre suspensions plays a key role in
controlling the dynamics of the filament breakup. As shown in Figure 6.5, this additional
resistance led to the appearance of elongated filaments connecting successive droplets to
each other. Keshavarz et al. (2015) developed a theoretical equation to explore the effects
of viscoelasticity on the average droplet size during the atomization. Specifically, the

equation relates the effect of liquid relaxation time, 7,. to the number average droplet
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diameter, (d),5. Relaxation time, 7, is one of the extensional properties that has been

discussed in depth in Chapter 5, Section 5.2.

Equation 6.6 shows the equation developed by Keshavarz et al. (2015). (d), 5 (um) is the
average droplet size, specifically D(n,50) for viscoelastic liquids, D, (mm) is the jet
diameter which is similar to the orifice diameter, U, (m/s) is the atomizing air velocity, o
(mN/m) is the surface tension and c is a constant. We and Oh are the Weber number and
Ohnesorge number respectively based on the jet shearing, while Deg, and Ohyg, are the

Deborah number and Ohnesorge number based on the ligament stretching.

1

1+ We60h3

2 l[ <\/—c> Ol
pUiD,) | |l<f )

Ohg, ™" + Ohg,> — In (1 +

1
(dve _ 12( |

- cDeg\ |
30th)J

— Equation 6.6

Equation 6.6 was extended from the Newtonian correlation by Aliseda et al. (2008). By
referring to the Equation 6.6, the first term on the right-hand side of the equation represents
the competing effect of shear viscosity and surface tension on the average droplet size, first
predicted by Aliseda et al. (2008). That explains the calculation of Oh and We number
based on the jet diameter. The final overall form of Equation 6.6 includes all of the
competing effects of shear viscosity, surface tension and elasticity on overall mean droplet
sizes as proposed by Keshavarz et al. (2015). The second term on the right-hand side of
Equation 6.6 represents the effect of extensional resistance in influencing the average

droplet size. The calculation of Ohg, and Deg, is based on the extracted data from capillary

breakup extensional rheometer discussed in Chapter 5, Section 5.2.

Figure 6.14 shows the predicted average droplet sizes, D(n,50), of 5.0 wt.% AF 400-30, 5.0
wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions obtained via non-
linear regression of Equation 6.6. ¢ in Equation 6.6 is a single fitting constant and the value
is tabulated in Appendix H for each 5.0 wt.% fibre suspensions. As shown in Figure 6.14,

for all types of fibre suspensions, good correlations were obtained between the
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experimental and theoretical values of droplet sizes. A maximum of 12.0 % deviation of
experimental value from the theoretical value was obtained and correspond to the D(n,50)
of 5.0 wt.% WF 600 at 150 m/s. Other than that, most of the deviations vary between 2 — 7
%. Refer to Appendix H for more details regarding the regression of Equation 6.6.

As shown in Figure 6.14, increasing the atomizing air velocity reduced the droplet size of
the fibre suspensions. This has been shown experimentally in Figures 6.9 and 6.10. Besides
that, based on Figure 6.14, the high aspect ratio fibre suspensions of 5.0 wt.% WF 600 and
5.0 wt.5 citrus fibre exhibited greater average droplet size compared to the low aspect ratio
fibre suspensions of 5.0 wt.% AF 400-30 and 5.0 wt.% WF 101. The good correlations
between the experimental values and the predicted values of droplet size in Figure 6.14
prove the atomization of fibre suspensions was dominated by the extensional properties of
the fibre suspensions, with the shear properties and surface tension only having minor roles.
This demonstrates the importance of incorporating the extensional properties or elasticity
during the atomization of fibre suspensions or other non-Newtonian liquids, especially if
the atomization performances or droplet sizes are forecasted theoretically without
experimental observation. The consequence of excluding the elasticity and thus relying on
the shear viscosity and surface tension as the sole sources of disruptive forces is discussed
after this.
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Figure 6.14 Relationships between the droplet sizes obtained experimentally and predicted
theoretically based on Keshavarz et al. (2015), Equation 6.6. () 5.0 wt.% AF 400-30, (o)
5.0 wt.% WF 101, (0) 5.0 wt.% WF 600 and (%) 5.0 wt.% citrus fibre suspensions are the
average droplet size of fibre suspensions obtained experimentally, while the theoretical
prediction for each fibre suspension is represented by the full line.

6.5.2 Prediction of droplet size of fibre suspensions using Aliseda et al. (2008)

relationship

Figure 6.15 shows the theoretical mean droplet size of 5.0 wt.% WF 600 fibre suspensions
when predicted using a correlation published by Aliseda et al. (2008), it does not include
the effect of extensional properties. As shown in Figure 6.15, the mean droplet sizes of the
5.0 wt.% WF 600 predicted using Aliseda et al. (2008) correlation were very different from
the experimental observations. Droplet sizes of 5.0 wt.% AF 400-30, 5.0 wt.% WF 101 and
5.0 wt.% citrus fibre suspensions predicted using Aliseda et al. (2008) equation are not

shown in Figure 6.15 because the values were very similar to the predicted values shown
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by the 5.0 wt.% WF 600 fibre suspension. Using Aliseda et al. (2008) correlation, it implies
that only shear viscosity and surface tension affect the atomization performance or the
droplet sizes. The shear viscosity of the different 5.0 wt.% fibre suspensions were all very
similar at all atomizing air velocities. This is due to the very high shear rates of greater than
25 000 s were achieved at all the atomizing air velocities, and the shear viscosities of the
different aspect ratio fibre suspensions were all relatively similar at that high shear rates.
For the 5.0 wt.% WF 600 fibre suspension shown in Figure 6.15, the predicted droplet sizes
based on Aliseda et al. (2008) relationship were very small, ranging between 10 um to 30
pum, whereas, the mean droplet sizes from the experimental observation were very large
exceeding 100 um at all atomizing air velocities. This indicates the use of simple
Newtonian correlations, such as Aliseda et al. (2008) equation, is not accurate and reliable
in predicting the atomization performance of non-Newtonian fibre suspensions. It also
implies that the relatively bigger droplet sizes of the fibre suspensions were probably due
to the extensional resistance or elasticity of the suspensions, with little effect by shear
viscosity. The predicted droplet size of the Newtonian concentrated apple juice based on
the Aliseda et al. (2008) relationship yielded a good correlation and a better correspondence
to the experimental observation compared to the non-Newtonian fibre suspension. This is

shown in Figure 6.15.
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Figure 6.15 Relationships between the mean droplet sizes obtained experimentally and
predicted theoretically based on Keshavarz et al. (2015) and Aliseda et al. (2008)
relationships. () Concentrated apple juice, (—) theoretical droplet size of concentrated
apple juice based on Aliseda et al. (2008), () 5.0 wt.% WF 600 fibre suspension, (----)
theoretical droplet size of 5.0 wt.% WF 600 fibre suspension based on Aliseda et al. (2008)
and (—) theoretical droplet size of 5.0 wt.% WF 600 fibre suspension based on Keshavarz

et al. (2015) equation.

6.6  Morphology of frozen droplets inside liquid nitrogen

The atomization of fibre suspensions from a liquid into droplets will be followed by the
drying into a powder. Although the drying of the droplets was not of interest in this study,
however, it is important to prove that the fibres can act as a drying aid during the drying
inside a spray dryer. The drying of concentrated apple juice without drying aid produces a
sticky powder. At first, it was unknown how the fibres placed themselves after the

atomization, either they accumulate inside the droplets or they are sticking out from the
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droplets. It is also essential to demonstrate the fibres are not separated from the droplets
during the atomization. Complete separation of the fibres from the droplets means that the
fibres will not be effective in assisting the drying of the sticky apple juice droplets. Most
importantly, in the case of atomization, the separation could result in a bimodal or
multimodal drop size or particle size distribution. This is because the size distribution of
the fibres and size distribution of the droplets could possibly establish bimodal distribution
with two different peaks. In the next section, the characteristic of the droplet size
distribution of the fibre suspensions is shown to be a normal distribution, which indicates
that no separation occurred. In this analysis, the visualization of the actual droplets further

supports the no separation hypothesis.

Section 3.5.8 explains in detail on the method of spraying into liquid nitrogen to freeze the
droplets and using a temperature-controlled microscope to observe the droplets. Figure 6.16
shows the frozen droplets of 5.0 wt.% WF 600 fibre suspension when atomization occurred
at 195 m/s atomizing air velocity. Most of the droplets had a spherical shape. First
observation on Figure 6.16 reveals that the droplets all stick together. This is expected since
during the spraying into the liquid nitrogen, the droplets freeze rapidly to ice, and when
two or more ice spheres meet each other, they stick due to the adhesion effect of the ice
(Ryzhkin & Petrenko, 1997).

Figure 6.17 shows the frozen droplets images at higher magnification. The fibres appear to
be enclosed in the droplets. The images suggest there was no separation during the
atomization of fibre suspensions using a two-fluid nozzle at high atomizing air velocity.
This indicates that the two-fluid nozzle is reliable in producing droplets with the fibres
remaining enclosed in the drops, the fibres can assist the drying of the wet droplets and

normal drop size distributions were attained during the atomization.

As shown in Figure 6.17, there were air bubbles trapped inside the droplets. These air
bubbles most likely caused by dissolved air in the solution. Other than the air bubbles, some
of the frozen droplets in Figures 6.16 and 6.17 appear bigger with the size exceeding 800
pm and as a maximum of 1000 um. Based on MATLAB and Malvern Mastersizer methods,
the D(v,90) of 5.0 wt.% WF 600 fibre suspension at atomizing air velocity of 195 m/s was
approximately 700 um. The relatively big frost droplets resulted from spraying into the
liquid nitrogen may be due to the coalescence of droplets. When two or more drops float
or levitate on the surface of liquid nitrogen, the drops first do not interact, but they move
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closer to each other. When the curvatures of liquid nitrogen under the drops meet each
other, drop coalescence occurs (Kim et al., 2011). Drop coalescences of the 5.0 wt.% WF
600 fibre suspension could possibly result in the bigger drop sizes compared to the results
by MATLAB and Malvern Mastersizer methods. The spraying into the liquid nitrogen
proceeded for 10 seconds. Thus, it is also possible that during the spraying into the liquid
nitrogen, the later sprayed liquid drop met with the prior sprayed liquid drop that had
already turned into a solid ice sphere. The liquid drop then surrounded the solid ice sphere
and a spherically concentric liquid shell was formed around the solid ice sphere. This

contributed to the bigger final drop size.
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Figure 6.16 Frozen droplets of 5.0 wt.% WF 600 fibre suspension stick together after the
spraying of the fibre suspension into a container filled with liquid nitrogen. The images
correspond to 4x magnification.
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Figure 6.17 Zoomed-in images of the frozen droplets of 5.0 wt.% WF 600 fibre suspension
showing the fibres inside the frozen droplets. Fibres are pointed out by the white arrows.
The images correspond to 10x magnification.
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6.7 Improving the atomization performance

Atomization of fibre suspensions was shown to yield bigger droplets compared to the
atomization of simple Newtonian liquids. The Newtonian fluid (apple juice) atomization
usually produced droplets with an average size of less than 150 um (Aliseda et al., 2008;
Buckner & Sojka, 1991) while the atomization of fibre suspensions produced droplets
ranging between 200 — 250 um at a high atomizing air velocity of 240 m/s. This section
attempts to change or modify some of the parameters involved to improve the atomization
performance of the fibre suspensions. Improving the atomization performance means

producing smaller droplets to prepare for the drying stage inside a spray dryer.

6.7.1 Effect of increasing feed temperature during atomization

Industrially, spray drying of fruit juices usually proceeds at a temperature greater than the
room temperature (Brennan et al., 1971; Goula et al., 2008; Mani et al., 2002). Specifically,
the feed inlet is usually preheated to temperatures as high as 80 °C (Mani et al., 2002;
Verma & Singh, 2015). Pre-heating the feed inlet to a temperature greater than the room
temperature before the spray drying process improves the overall economic value of the
spray drying process, as less energy needs to be supplied in terms of the hot gas to dry the
liquid into dry powder and reduced shear viscosity to reduce pumping requirements. A
study by Shu et al. (2006) shows that increasing the feed inlet temperature from 35 to 55
°C resulted in a better atomization effect when spray drying because it led to a lower shear
viscosity of the feed. By increasing the temperature of the fibre suspensions prior to the
atomization, this study seeks to see if the atomization performance can be improved, or if

smaller droplet sizes can be produced.

The atomization of 5.0 wt.% WF 600 fibre suspension was performed by varying the
temperature of the fibre suspension between 20 to 70 °C. The atomization of the fibre
suspension at greater inlet temperatures was evaluated using the Malvern Mastersizer.
Section 3.5.4.1 explains in detailed the pre-heated method. As shown in Figure 6.18 (a),
increasing the inlet temperature from 20 to 70 °C produced smaller droplet sizes especially
regarding D(v,50) and D(v,90). At an atomizing air velocity of 150 m/s, increasing the inlet

temperature reduced the D(v,90) from more than 1000 pum to around 650 pum while the
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D(v,50) reduced from approximately 550 pum to around 390 pm. In contrast, D(v,10)
underwent insignificant changes. The effect of the inlet temperature on atomization
performance was investigated at greater atomizing air velocities. As shown in Figure 6.18
(b), increasing the inlet temperature from 20 to 70 °C at an atomizing air velocity of 195
m/s significantly reduced the D(v,90), although the reduction is less obvious compared to
at 150 m/s atomizing air velocity. Meanwhile, the D(v,50) and D(v,10) seem to undergo
very minor reductions compared to the D(v,90). When the atomizing air velocity was
further increased to 215 m/s and 240 m/s, the D(v,90) underwent an insignificant reduction,
this was similar to the D(v,50) and D(v,10). This can be seen in Figure 6.18 (c-d).

Overall, it means increasing the inlet temperature did not reduce the D(v,10) at all
atomizing air velocities and slightly reduced the D(v,50). Whereas, in the case of the
D(v,90), increasing the inlet temperature considerably reduced the droplet sizes at the
lowest atomizing air velocity of 150 m/s. At atomizing air velocities beyond 195 m/s, no
meaningful reduction was observed for all the D-values. Previous Sections 3.4.2.2and 4.1.4
show that the surface tension and shear viscosity of the fibre suspensions reduced when the
temperature was increased. Meanwhile, Section 5.1.2 shows that the elasticity of the fibre

suspensions was insignificantly reduced when the temperature was increased.
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Figure 6.18 The D-values against the increasing feed temperature of the 5.0 wt. % WF 600
fibre suspension (a) at an atomizing air velocity of 150 m/s, (b) at an atomizing air velocity
of 195 m/s, (c) at an atomizing air velocity of 215 m/s and (d) at an atomizing air velocity
of 240 m/s. The D-values shown were obtained using the Malvern Mastersizer method. (e)
D(v,10), (A) D(v,50) and (m) D(v,90).

At the lowest atomizing air velocity of 150 m/s, the effect of surface tension and shear
viscosity still existed, along with the extensional viscosity. Increasing the inlet temperature
allowed the jet to be disrupted and sheared better or more intensely as the surface tension
and especially the shear viscosity, were reduced. For example, the sheared jet of fibre
suspensions shown in Figure 6.2 looks less disrupted compared to the sheared jet of
Newtonian concentrated apple juice in Figure 6.1 at a similar atomizing air velocity, due to
the greater shear viscosity of the fibre suspensions. Increasing the inlet temperature of the
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fibre suspensions yielded a better breakup due to shearing of the liquid jet at a much lower
shear viscosity. This then proceeded with the stretching of the ligaments into droplets. This
means the effect of the surface tension and shear viscosity affect the overall performance
of the fibre suspension atomization. However, at much greater atomizing air velocity of
more than 150 m/s, the effect of the shear viscosity on atomization performance was
minimal which means the atomization was dominated by the extensional resistance.
Extensional resistance insignificantly reduced with increasing temperature. This explains
the insignificant reduction in droplet sizes when the atomization proceeded at greater inlet

feed temperatures.

Another explanation can be gained by comparing the competing effect of temperature and
atomizing air velocity. Increasing of the inlet temperature and atomizing air velocity both
change the conditions of atomization. Increasing the atomizing air velocity provides greater
disruptive forces during the atomization and increasing the inlet temperature lessens the
stabilizing forces during the atomization. At atomizing air velocity of 150 m/s, both the
temperature and atomizing air velocity significantly influenced the atomization
performance (droplet size distribution). However, at an atomizing air velocity of 195 m/s
and beyond, the rate of the disruption due to the very high velocity of air exceeded the rate
of the reduction in the stabilizing forces, and thus the atomizing air velocity dominated and
controlled the whole atomization performance. Lowering the stabilizing forces gave no
significant effect on the atomization performance. It means that, the extensional resistance
of the fibre suspensions that negatively impact the drop size distribution and produced a
wider distribution when compared to other Newtonian liquids or liquids with no elasticity,
was overwhelmed and affected by the high atomizing air velocity but not the high
temperature. As shown in Figure 6.19, at an atomizing air velocity of 150 m/s, increasing
the inlet temperature from 40 to 70 °C shifted the drop size distribution to smaller droplet
sizes and produced a narrower distribution. In contrast, at a greater atomizing air velocity
of 240 m/s, increasing the inlet temperature did not significantly change the drop size

distribution when compared to the change that occurred at 150 m/s atomizing air velocity.

Figures 6.18 and 6.19 suggest that the atomization of fibre suspensions at 150 m/s
atomizing air velocity should undertake at a higher inlet temperature as this approach
resulted in smaller droplet sizes, and thus better atomization. In contrast, the atomization
of the fibre suspensions at 195 m/s atomizing air velocity and beyond, does not necessarily

need to occur at high temperatures as there were insignificant changes in the droplet sizes.
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Figure 6.19 The change in the drop size distributions of the 5.0 wt.% WF 600 fibre
suspension when the feed temperature was increased from 40 °C to 70 °C. (a) At an
atomizing air velocity of 150 m/s and (b) at an atomizing air velocity of 240 m/s. (=) At
an inlet temperature of 40 °C, (=) at an inlet temperature of 70 °C and (red bar) reduction
that occurred when subtracting the distribution curve at 70 °C with the curve at 40 °C.
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6.7.2 Effect of adding an ultrasonic mechanism to a two-fluid nozzle to produce

ultrasound-modulated two-fluid (UMTF) atomization

Simple pressure nozzle and rotary atomizers are widely known in a spray drying industry.
A two-fluid nozzle, although relatively well-known, is not well-explored and well-utilized.
A new spray technique, called ultrasound-modulated two-fluid (UMTF) atomization,
combines the ultrasound mechanism with the two-fluid mechanism. It is based on
resonance between capillary waves generated by ultrasound and those generated by high
atomizing air velocity. When functioning on its own, both techniques produced capillary
waves which are regarded as ligaments in two-fluid atomization and standing waves in
ultrasonic atomization. During the UMTF atomization, ultrasound creates capillary waves

and the high atomizing air velocity magnifies the amplitude of the waves.

Previous sections have shown the atomization performance of the fibre suspensions when
using a two-fluid nozzle. The atomization was controlled by extensional resistance or
elasticity, along with minimal effects by shear viscosity and surface tension. Adding the
ultrasound mechanism to the two-fluid nozzle was first seen as an opportunity to improve
the atomization performance of the two-fluid nozzle. To make it clear, the purpose here
was to compare the performance between the two-fluid atomization with the UMTF
atomization. It was not intended to investigate the performance of ultrasonic atomization.
The hypothesis was that the vibration of the fibre suspensions at the nozzle tip due to the
ultrasound mechanism will push and pull the liquid, and thus create standing waves or
ligaments. The continued pushing and pulling actions of the liquid can be translated as
stretching of the standing waves or ligaments. The application of a fast-moving atomizing
air velocity will further stretch the ligaments and disperse the ligaments into droplets. The
combined effect of ultrasound and high atomizing air velocity was expected to stretch the
ligaments better at a position immediately below the nozzle exit and thus contribute to a

better atomization performance compared to the performance of a pure two-fluid nozzle.

In the study, the UMTF atomization utilized a 5.0 wt.% WF 600 fibre suspension, a 60 kHz
frequency, 100 Volts peak-to-peak voltage and 150 m/s atomizing air velocity. Two
conditions were investigated, which were the two-fluid atomization of the fibre suspension
with ultrasound switched off and two-fluid atomization with ultrasound switched on.

Surprisingly, the performances of the two atomization were very similar. There were
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filamentary structures at the position right below the nozzle exit, and the filamentary
structures remained the same when the ultrasound was on. Several runs with different
atomization conditions were performed which included lowering the fibre content to 3.0
wt.% WF 600 fibre suspension, increasing the voltage to the maximum allowable of 140
Volts and increasing and reducing the atomizing air velocity. All of these conditions still
resulted in a very similar atomization performance between the pure two-fluid and UMTF
nozzles. This observation suggests that the ultrasound mechanism was absent during the
UMTF atomization. To understand deeper, the behaviour of the waves induced solely by
the vibrating ultrasound mechanism was observed at 60 kHz and 100 Volts conditions, and
in the case of fibre suspensions, no waves were produced. That is why the UMTF
atomization of 5.0 wt.% WF 600 fibre suspension was very similar to the pure two-fluid
atomization, as only the fast-moving atomizing air velocity acted to stretch the ligaments.
With water, waves produced by the vibrating ultrasound mechanism were obviously
present that resulted in an immediate break into droplets even without the application of

fast-moving air velocity.

Previous studies have successfully improved the atomization of extensional and
viscoelastic liquids by adding an ultrasound mechanism to a two-fluid nozzle (Tsai & Luu,
2000). However, all of them were using extensional liquids with low shear viscosity such
as 9.2 x 107 Pa.s and 0.134 Pa.s. The relatively greater shear viscosity of the concentrated
apple juice and fibre suspensions prevented the formation of waves by the ultrasound
mechanism. This is because, the vibrational or oscillatory energy into the liquid was
adsorbed due to viscous dissipation, instead of exciting the liquids into standing waves. In
the case of the concentrated apple juice, the liquid first remained on the nozzle tip surface.
The viscous dissipation that occurred at the nozzle tip possibly increased the temperature
and after some time, the temperature of the liquid on the surface was increased. This
behaviour reduced the shear viscosity of the concentrated apple juice at the nozzle tip. That
is why atomization of concentrated apple juice using an ultrasound mechanism was
observed after some time. However, this pattern was not observed with the fibre
suspensions. Ramisetty et al. (2013) showed that no atomization is possible when liquid
shear viscosity increases above the threshold value, even though viscous dissipation can

increase the temperature at the nozzle tip during ultrasonic atomization.

The trials using UMTF nozzle highlights the importance of shear viscosity in affecting the

overall atomization performance. In the case of fibre suspension atomization, it is believed
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that the study on UMTF nozzle can be extended further that may yield a better atomization
performance when compared to the use of a pure two-fluid nozzle. This may be possible
by applying more energy to create the standing waves or vibrating the nozzle at a greater
frequency. In the current study, the investigation on UMTF atomization was stopped due
to the limited capabilities of the UMTF available. At this stage, it was concluded that the
addition of ultrasound mechanism to the two-fluid atomization is not an efficient approach

during the atomization of fibre suspensions.

6.8  Case study

This section intends to prepare for the continuation of the atomization process for the next
stage e.g. to industrialize or capitalize the two-fluid atomization method of fibre
suspensions. The atomization process that occurs inside a spray dryer is followed by a
drying process. Spray dryers have different capacities. The two available spray dryers at
Massey University are a small-scale spray dryer with 45 mL/min feed rate and a pilot plant-
scale spray dryer with 250 mL/min feed rate. Previous sections show that the fast-moving
air velocity is the key mechanism in atomizing the fibre suspensions using a two-fluid
nozzle due to the high stretching rate of the ligaments or filaments. The aim of this section
was to investigate whether the two-fluid nozzle can be used inside the two scale spray
dryers to successfully atomize the fibre suspensions. The findings found so far on the two-
fluid atomization of 5.0 wt.% fibre suspensions were used to predict and substantiate the
performance inside the two spray dryers. Weber number, We, as shown in Equation 6.2 is
used to represent the ratio of disruptive forces to the stabilizing forces. Changing the feed

rates will affect the We number.

Table 6.3 shows the conditions and parameters during the atomization of 5.0 wt.% WF 600
fibre suspension at different feed rates but at a similar atomizing air velocity of 150 m/s.
To predict the atomization performance inside the two spray dryers, a three-dimensional
plot was built, as shown in Figure 6.20, which can be regarded as an atomization map. The
data used to build the plot was taken from the droplet sizes of 5.0 wt.% AF 400-30, 5.0
wt.% WF 101, 5.0 wt.% WF 600 and 5.0 wt.% citrus fibre suspensions explained previously
in Section 6.4.1. Based on the plot, it is desired to predict the D(v,50) inside the two

different feed rate spray dyers based on the competing effect between We (which represents
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the disrupting force due to the fast-moving atomizing air velocity) and relaxation time, t,

(which represents the stabilizing force due to the extensional resistance). The atomization

map is not for general or universal use, instead, it was built purposely to predict the D(v,50)

inside the two different spray dryers. The map is also limited to certain ranges of We and

only.

Table 6.3 The conditions and parameters involved during three different atomization
cases. The original study corresponds to the parameters used in the previous sections
when explaining the atomization behaviour of fibre suspensions while case studies 1 and
2 correspond to the decrease and increase of the feed rates from the original study,
respectively.

Case study 1 Case study 2
Parameters Original study (inside a small-scale | (inside a pilot plant-
spray dryer) scale spray dryer)
Orifice size (mm) 1.5 1.5 1.5
Feed rate
) 90 45 250
(mL/min)
Feed velocity
0.85 0.50 2.5
(m/s)
Atomizing air
_ 150 150 150
velocity (m/s)
Weber number,
5.89 x 10° 5.92 x 10° 5.76 x 10°

We
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Characterization of the atomization performance based on the plot
Ratings (from 5-worst to 1-best) Descriptions D(v,50)
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4 produced droplets | coarse atomization (still with some unbroken filaments) | 400-500
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2 sizes and bridge good atomization 200-300
1 connecting droplets desired atomization 100-200
0 undesirable fine atomization 0-100

Figure 6.20 Atomization map that shows the effect of two parameters which are the Weber number, We
and the relaxation time, t,. on the final droplet size, D(v,50), during the atomization of fibre suspensions.
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As shown in Table 6.3, the We of the different case studies were very close to each other.
This also applied to the We at greater atomizing air velocities. All case studies dealt with
5.0 wt.% WF 600 fibre suspension, which corresponds to the relaxation, t, of 0.34 in Figure
6.20. The value of the We at 150 m/s atomizing air velocity of each case was identified and
pointed out in Figure 6.20. Theoretically, it was predicted that the change in the feed rate
from the original rate of 90 mL/min to 45 mL/min and 250 mL/min will result in an
insignificant change in the D(v,50), since the We were very close to each other. This is
obvious from the plot in Figure 6.20. Experiments were conducted at different feed rates
of 45 mL/min and 250 mL/min to confirm the hypothesis above. The parameters involved
during the experiments were as tabulated in Table 6.3. From the experimental observation,
the D(v,50) of the atomization at 45 mL/min feed rate was very similar to the D(v,50) of
when atomization occurred at 90 mL/min, with a maximum difference of approximately
5.0% only. In contrast, incomplete atomization or large droplets were observed at a position
50 mm below the nozzle exit, when the feed rate was increased to 250 mL/min. This is
evidenced in Figure 6.21, where no droplets but big chunks of unfinished sheared and
strained liquid are obvious in the images. The images were taken at a position 50 mm below
the nozzle exit, at an atomizing air velocity of 150 m/s and at a feed rate of 250 mL/min.
Similar conditions but with a feed rate of 90 mL/min produced a better atomization
performance and smaller droplets as in Figure 6.7, where droplets are visible in the images.
Increasing the air velocity beyond 150 m/s at a feed rate of 250 mL/min still resulted in an
incomplete atomization, or at least, large chunks of liquids were observed, as shown in
Figure 6.21. These findings confirm that the two-fluid nozzle can be used inside the small-
scale spray dryer to atomize the fibre suspensions, but in contrast, the two-fluid nozzle
could not be used inside the pilot plant-scale spray dryer which indicates that different
nozzles need to be used.

The atomization of 5.0 wt.% fibre suspensions is possible inside the small-scale spray dryer
with a feed rate of 45 mL/min by using the current nozzle, but unfeasible inside the pilot
plant-scale spray dryer with a feed rate of 250 mL/min. Previously, the fast-moving
atomizing air velocity, represented by the high We, was accepted as the mechanism that
controls the atomization of the fibre suspensions. However, this hypothesis is proven to
have a limitation. The high We, as occurred inside the pilot plant-scale spray dryer was very
similar to the other cases but resulted in inefficient atomization compared to the other cases

that managed to achieve complete and good atomization. The limitation to the effect of We,
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and thus the fast-moving air velocity in atomizing the fibre suspensions, is set by the ratio
of atomizing air flow rate to liquid feed rate, rh,/m,. Table 6.4 lists the corresponding
my /m,, for each case. The my, /m, of 0.25 corresponds to the feed rate of the original study
at 90 mL/min and is regarded as the lowest ratio possible to maintain a good atomization
performance of fibre suspensions. Atomization of fibre suspensions that occurs below the
ratio limit of 0.25 will result in incomplete or inefficient atomization, like in the case of the
pilot plant-scale spray dryer. Previous studies also show that during a two-fluid
atomization, the droplet sizes were significantly increased, or the atomization performance
were poorer when the m,/m; went below 0.2 or 0.3. Refer to the plots of droplet sizes
against m, /m, in Figure 6.22, reproduced from Nimmo et al. (2002), Azevedo et al. (2013)
and Krawczyk et al. (2016). Chan et al. (2012) concluded that the critical value of m,/m,
is 0.25.

Overall, it means that a good atomization performance of fibre suspensions was achieved
by using a two-fluid nozzle that utilized the mechanism of a fast-moving air velocity to
shear the liquid jet, break and stretch the ligaments into droplets. Increasing the atomizing
air velocity resulted in a greater We, and thus a better atomization performance and smaller
droplet sizes. The atomization performance was controlled by the high atomizing air

velocity and We, as long as the atomization occurred at an air-to-liquid ratio, m, /m, of

greater than 0.25.

Figure 6.21 Photographs of the droplets of 5.0 wt.% WF 600 fibre suspension at an
atomizing air velocity of 150 m/s and at a feed rate of 250 mL/min. Images were captured
at a position 50 mm below the nozzle exit.
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Table 6.4 The corresponding ratio of atomizing air flow rate to liquid feed rate, 1, /m,,

for each case with different feed rates.

Case Feed rate (mL/min) my/my
Original study 90 mL/min 0.25
_Casestudy 1 45 mL/min 0.46
(inside a small-scale spray
dryer)
_ Casestudy 2 250 mL/min 0.08
(inside a pilot plant-scale
spray dryer)

224



Chapter 6

_ 2500
g 5
£ 2000
P b
s 1500 4
'™ .
z .
3 1000 -
s
[} 3
= .
g 500 -
b ]
g . -, 00.’. s - . ” .
0.0 0.5 1.0 1.5 2.0 25 3.0 35
Air-to-liquid mass flow rate ratio (v /niv; )
(@)
120.0 ~
€®15mm H2mm A3 mm
100.0 i 4 X3.5mm X4 mm
T =
=
§ 80.0 -
D
: N
T 60.0 -
=
g
=}
5 40.0 A Wk
I
A K .
20.0 T : % A % Az
Saved to this PC
0.0 T T T T T 1
0.0 03 06 0.9 1.2 1.5 1.8
Air to liquid ratio
(b)
Continue —

225



Chapter 6

55
1 O =---= P=25PSIG
i Qd(v’0'5) ® -~ P=25PSIG
4 ] e 7 - - -P=30PSIG
21 % ¥ - - -P=30PSIG
1 e O ——P=35PSIG
& 404 3 B —— P=35PSIG
Soae] b
8
©
€
o
ko]
°
o
o
[}
w
]
= ol
T T 1
125 1.50 1.75
(c)
64
nozzle # - liquid flow rate ®"1-0-129/s
56 |- An1-0.23
®n1-0.35
Hn1-047
48 |
on2-0.12
= An2-0.23
S0t on2-0.35
g :
5 % On2-047
32 en3-0.12
A An3-0.23
24 ®n3-0.35
E] *
ol ¥ n3- 047
A
16
A
* a‘ o *
Ce Ce
8 1 L 1 1
0.0 0.4 0.8 1.2 1.6 2.0
ALR[]
(d)

Figure 6.22 The relationships between droplet sizes and air-to-liquid ratio, m,/m,,
reproduced from literature. (a) Chan et al. (2012), (b) Krawczyk et al. (2016), (¢) Nimmo
et al. (2002) and (d) Azevedo et al. (2013).
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6.9

Conclusions

Visualization studies of the atomization performance of fibre suspensions which
exhibited both shear and extensional properties were carried out. The shear
rheology of fibre suspensions did not suggest any significant difference in the
atomization performance when compared to Newtonian atomization.

However, when the atomizing air velocity was increased, the spray visualization
showed that the extensional rheology of the fibre suspensions significantly affected
the atomization behaviour, specifically at the final breakup stage. The final breakup
pattern of the fibre suspensions showed filamentary structures connecting
successive droplets together. This pattern is absent in Newtonian atomization.
These filamentary structures contributed to the formation of large droplet sizes of
fibre suspension droplets.

Droplet size analysis showed that the size of fibre suspension droplets was highly
dependent on the aspect ratio of fibres used but this effect was reduced when much
greater atomizing air velocity was applied during the atomization.

This study shows that the atomization of fibre suspensions, which exhibited
extensional properties, can be achieved by using a two-fluid nozzle and at high
atomizing air velocity. The atomization should always proceed at m,/m,; above
0.25. At these conditions, smaller spherical droplets of fibre suspensions were
produced that will assist the performance of drying in the spray dryer.

The droplet sizes of the fibre suspensions that were obtained experimentally, were
validated and compared with the theoretical prediction by using Keshavarz et al.
(2015) relationship. The experimental and theoretical droplet sizes matched very
well.

Using a two-fluid nozzle, the droplets sizes of the fibre suspensions insignificantly
reduced when the temperature of the inlet fibre suspensions was increased. No
change was observed to the atomization performance when an ultrasonic
mechanism was added to the two-fluid nozzle.

Morphology of the frozen droplets of fibre suspensions revealed that the fibres were
trapped inside the droplets.
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Chapter 7 Conclusions and Recommendations

Atomization of fibre suspensions occurs before the drying stage inside a spray dryer.
Atomization performance of fibre suspensions depends on various factors, these can be
divided into two categories; the physical properties of the fibre suspensions and nozzle
parameters. The physical properties include the shear and extensional rheology, and the
density and surface tension of the fibre suspensions. The main nozzle parameters consist

of the type of nozzle, the feed flow rate and temperature, and the atomizing air velocity.

These conclusions were gained when answering the questions addressed in the introduction

in Chapter 1.

A) Is it possible to spray or atomize the fibre suspension from a liquid into droplets?
Yes, atomization of fibre suspension from a liquid into droplets is possible and

achievable.

B) What factors influence the successful atomization from a liquid into droplets?
Shear and extensional rheology of the fibre suspensions influenced the atomization

performance. Surface tension also affected the atomization but was a minor factor.

The fibre suspensions were shown to be a shear thinning liquid with a Newtonian
plateau. Tests performed on a rotary rheometer showed the shear viscosity of the
fibre suspensions reduced as the shear rates was increased up to 1000 s. Extended
studies performed on a capillary viscometer showed that the shear viscosity further
reduced up until approximately 30 000 s? shear rate, and beyond that point, a
plateau viscosity was reached. The shear viscosity is dependent on the fibre aspect
ratio where low aspect ratio fibre suspensions exhibited lower shear viscosity
relative to the high aspect ratio fibre suspensions. The difference in the shear
viscosity between the low and high aspect ratio fibre suspensions reduced at greater
shear rates and eventually they reached a similar plateau value. A number of
previous studies in the literature have shown the shear thinning behaviour of the
fibre suspensions. All studies were restricted to lower range of shear of less than

1000 s shear rates, no previous study demonstrated the occurrence of the viscosity

232



Chapter 7

C)

plateau. The capability to show the shear thinning behaviour of fibre suspensions at
shear rates of more than 20 000 s* is important and useful as this high range of
shear rates is applicable in the atomization process. It showed there is an operational
limit to the effectiveness of the application shear to reducing the energy

requirements for atomization.

Stretching of the fibre suspensions resulted in an extensional resistance or elasticity.
This conclusion was deduced based on the capillary breakup extensional rheometer
technique where the rheometer was built in-house for this study. The relaxation
time, 7, and the transient extensional viscosity, nz were calculated to quantitatively
study the extensional rheology of the fibre suspensions. Both properties were
dependent on the fibre aspect ratio, with greater z and n7 for the higher aspect ratio
fibres. The transient extensional viscosity, n; of fibre suspensions, was relatively
greater than its corresponding shear viscosity at a similar fibre fraction. The
extensional rheology of the fibre suspensions influenced the selection of the nozzle
design and its performance. The effect of extensional rheology of a liquid on

atomization performance is one of the things that previous studies have neglected.

What type of atomization technique, or what type of atomizer can be used to achieve
the successful atomization from a liquid into droplets?
Successful atomization of fibre suspensions from a liquid into droplets can be

achieved by using a two-fluid nozzle and at high atomizing air velocity.

The two-fluid nozzle was chosen as the main nozzle to atomize the fibre
suspensions. This study has shown that fibre suspensions can be successfully
atomized from a liquid into droplets by using a two-fluid nozzle and at high
atomizing air velocity. Although the atomization performance was low, and droplet
sizes were relatively big at a low atomizing air velocity of 150 m/s due to the
extensional resistance of the fibre suspensions, the performance was improved, and
droplets sizes were reduced at the higher atomizing air velocity of 240 m/s. The
two-fluid nozzle, together with the atomization conditions found in the study, can

be applied during the spray drying inside a small-scale spray dryer.
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D) Is the selected atomization technique or atomizer able to produce droplets as
needed by the drying stage?
Yes. By using the two-fluid nozzle and at high atomizing air velocity, small,
symmetrical and spherical droplets were produced that match the usual
requirements inside the spray dryer. The final average droplet sizes produced were

in the range of 200 — 250 pm.

E) What are the limitations of the findings?

The research, while answering many questions about the atomization of fibre

suspensions, has also raised a lot of questions that were not addressed. Questions

identified but were not answered are listed below. These questions should be
answered in the future work.

i) What is the actual shear and extensional rates experienced by the fibre
suspensions during the atomization using a two-fluid nozzle? The current study
has theoretically predicted the shear and extensional rates but due to limited
capabilities, this was not confirmed experimentally. Although the actual values
are not experimentally known during the atomization, the ability to demonstrate
the expected values is a useful addition to the literature.

i) More extensional rheology studies using a wider range of fibres should be
continued, especially by looking at the effect of aspect ratio and flexibility of
the fibres. This includes the measurement of Young’s modulus of the different
fibres used.

iii) The addition of an ultrasonic mechanism to improve the atomization
performance by a two-fluid nozzle should be explored in more depth. The
equipment capabilities were limited in the current study, and a more powerful
ultrasonic may demonstrate different results.

iv) Because of the rheology of fibre suspensions shown in the study, it was decided
that a simple pressure nozzle and rotary atomizer would be unlikely to work.

This is an area that should be confirmed experimentally.
Other recommended future work includes:

i) A dimensional analysis study to characterize the atomization performance
of extensional liquids should follow. This should include the development

of an atomization map specifically for extensional liquids. The existence of

234



Chapter 7

the atomization map will aid in scaling up the process during atomization or
spray drying.

Studies on the drying of fibre suspensions inside a spray dryer by using a
two-fluid nozzle should follow.
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Appendix A Surface tension of water at different temperatures.

The following table listed the surface tension of water at different temperatures ranging
between 5 °C to 90 °C. The data is reproduced from Vargaftik et al. (1983).

Temperature (°C) Surface tension (mN/m)
) 74.95
10 74.23
15 73.50
20 72.75
25 71.99
30 71.20
35 70.41
40 69.60
45 68.78
50 67.94
55 67.10
60 66.24
65 65.36
70 64.47
75 63.58
80 62.67
85 61.75
90 60.82
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Appendix B MATLAB code generated to digitally measure the filament diameter

during the filament thinning process on portable extensional rheometer.

The following coding was written to standardize the measurement of filament diameter.
The coding could be used to analyse a single, or hundreds or thousands of images. Step by

step procedures in executing the measurement are as follow:

1) Select the desired file that contains the images of filament by specifying the file URL.

URL ='G:\Trial with 52% 55degre\Run 12\Run 12_files\’;
srcFiles = dir([URL "****** tif1);

total_image = length(srcFiles);

tt=5;

2) Read the first image after the stretching stop, based on the file specified in the URL and
put the image name into the coding.

first_image = imread (JURL, '000098', "tif"]);

3) Filter the image and convert it to binary image.

fst =imsharpen(first_image);
fst = medfilt2(fst, [tt tt]);
fst = im2bw(fst,0.3);

fst = imfill(fst,'holes");

fst = bwareaopen(fst, 400);
fst = ~fst;

figure

imshow(fst)

[fst, rect] = imcrop(fst);
imshow(fst)

hold on
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4) Specify and record the interested coordinates in the first image.

disp(‘Choose top left point to measure, then press enter')

[x1, y1] = getpts;

[x1] = round(x1);

[y1] = round(y1);

disp(‘Choose bottom left point to measure, then press enter')
[x2, y2] = getpts;

[x2] = round(x2);

[y2] = round(y2);

disp(‘Choose upper sizing point to measure, then press enter’)
[x3, y3] = getpts;

[x3] = round(x3);

[y3] = round(y3);

disp(‘Choose lower sizing point to measure, then press enter’)
[x4, y4] = getpts;

[x4] = round(x4);

[y4] = round(y4);

i=1;

5) Get the horizontal distance between point 3 and point 4 that has been selected

previously for the sizing scale.

for y=y3:y4
C=fst(y,);
[p1,q1]=find(1==mean(C,3),1, first");
[p2,92]=find(1==mean(C,3),1,'last’);
ql = q1(1);
92 = q2(1);
allsize(i,:) = 4/(q2-q1);
P =nplot([q1 2], [y y], 'r-)
=i+l

end

size = mean(allsize);
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6) Apply procedures 3-5 to a set of images.

0=1;
for no_image = 000098:total image
b = imread(JURL, num2str(no_img,'%06i"), ".tif"]);
b=imsharpen(b);
b= medfilt2(b, [tt tt]);
b = im2bw(b,0.30);
b = imfill(b,'holes");
b = bwareaopen(b, 400);
b =~Db;
b = imcrop(b,rect);
figure
imshow(b)

hold on

7) Find all the horizontal widths between x1 and x2 along the specified height y1 and y2
for a single image. Then, find the minimum value from the horizontal widths after

finishing the loop. The loop stops at the image where the filament breaks.

=1

for y=yl:y2
D=b(y.’);
[p3,g3]=find(1==mean(D,3),1,'first");
[p4,q4]=find(1==mean(D,3),1,'last");
q3 =q3(1);
q4 = q4(1);
P = plot([q3 q4], [y y]. 'c-)
width_for_1_image(j,:) = (q4-93)*size;
j=JtL

end
width(o,:) = min(width_for_1_image)
0 =0+1;

end
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Appendix C  MATLAB image analysis for droplets.

The following coding was written to measure the size of the droplets in a single image. The
image may contain a single, or hundreds or thousands of droplets. Step by step procedures
in executing the measurement are as follow. These procedures were repeated for a number

of images to get the size of at least 1000 droplets.

1) Read the image.

X = imread('140000307.JPG";

%% Increase brightness %%

X =X +100;

figure

imshow (X)

%% Specifying image known width in mm %%

width = 11;

%% To get scaling to multiply with pixel dimension at the end to get mm %%
scalingPerimeter = width/size(X,2);

scalingArea = (width/size(X,2))"2;

2) Change the background to white, while the droplets are in black. Crop the image to

get an area filled with the interested droplets.

BW = im2bw(X,0.61);
figure

imshow (BW)

[BW, rect] = imcrop(BW);

3) Smoothen the image and remove any particles due to noise.

BW = medfilt2(BW,[7 7]);
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figure

imshow (BW)

BW =~BW;

B = bwareaopen(BW, 2);
B=~B;

figure

imshow (B)

4) Apply contour to the image and segmented the droplets in the contoured image.

hold on

mask = false(size(B));
mask(50:100,40:100) = true;

BW= activecontour(B, mask, 200, 'edge");
visboundaries(BW,'Color','b");
title('Segmented image in blue’);

5) Use ‘regionprops’ to calculate the properties of the segmented droplets. The

properties include the number of droplets in the image and the centroid, area and

perimeter of each droplet.

BW = ~BW,;
s = regionprops(BW,'centroid','Area’,'Perimeter’, ‘MajorAxisLength’);
centroids = cat(1, s.Centroid);
plot(centroids(:,1),centroids(:,2), 'b*")
numberOfBlobs = size(s, 1);
textFontSize = 10;
labelShiftX = -7;

for k = 1:numberOfBlobs
blobArea(k,:) = s(k).Area * scalingArea;
blobPerimeter(k,:) = s(k).Perimeter * scalingPerimeter;
blobMajorAxisLength(k,:) = s(k).MajorAxisLength * scalingPerimeter;
blobRoundness(k,:) = 4 * s(k).Area ./ (pi * s(k).MajorAxisLength.”2);
blobCentroid = s(k).Centroid,;
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text(blobCentroid(1) + labelShiftX, blobCentroid(2), num2str(k),'Color','red’,
'FontSize', textFontSize, 'FontWeight', '‘Bold");
numberOfBlobs_inRow(k,:) = k;

end

6) Return the properties of the droplets found in procedure (5) in a table.

TableOfProperties = table(numberOfBlobs_inRow, blobArea,blobPerimeter,
blobMajorAxisLength, blobRoundness);
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Appendix D Calculation of Rayleigh time, Tz and relaxation time, t,- from the inertia-

capillary and elasto-capillary regimes respectively.

The following example shows the calculation for 7.0 wt.% WF 600 suspension. Other types

and concentration of fibre suspensions should follow the same steps. Please refer Figure

D1 for clearer interpretation. Step by step calculations are as follow:

1)

2)

Determination of Rayleigh time, 75

7 = 1.95 /pR03/a Equation 5.3

in which R, is the initial radius of the thinning filament, o and p are the surface tension
and density of the liquid respectively. Average density and surface tension were used.
As the initial radius of filament is similar for all tests, the Rayleigh times, 7 for every

suspension are the same.

1180 k—% X (2 x 1073)3
7 = 1.95 /pRo?’/a =1.95 m y— =00235
66.78 X 1073

From the filament diameter profile of 7.0 wt.% WF 600 fibre suspension in Figure D1,

the first 0.023 s is the inertia-capillary regime.

Determination of visco-capillary regime

D(t) = Dy — (2’:1) (uio) t Equation 5.4

where D, is the initial diameter of the filament during the start of the visco-capillary

regime. Regression of Equation 5.4 to the experimental data between t =0.024 sand t
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3)

=0.200 s in Figure D1 yield a linear regression line. This is shown in Figure D1. The
regression analysis yields a x-value of 0.69. Previously, McKinley and Tripathi (2000)

reported a value of x = 0.71 for the visco-capillary similarity solution.

Determination of relaxation time, t,
The data points after the viscous-capillary regime are simply assigned to be within the

elasto-capillary regime.

1/3
b _ (%) exp[—t/(37)] Equation 5.2

DO 20

Regression of Equation 5.2 to the experimental data in the elasto-capillary regime
enables the extraction of relaxation time, z,.. For each fibre suspension, for example,
7.0 wt.% WF 600 fibre suspension, 3 filament diameter profiles similar to in Figure D1
were produced. Steps 1 to 3 were then applied to the other filament diameter profiles.

In the case of 7.0 wt.% WF 600 fibre suspension, the average t is equal to 0.7 + 0.03

S.
2 -
e
E
o
[<B]
S
©
3
[<B]
=
o
h=
=
O T T T T ' 1
0 0.5 1 15 2 2.5
Time (s)

Figure D1: Filament diameter profile of the 7.0 wt.% WF 600 fibre suspension highlighting
the identified different regimes. (0, orange colour) inertia-capillary regime, (o, blue colour)
visco-capillary regime and (o, black colour) elasto-capillary regime. (black line)
Regression line based on the visco-capillary regime and (red line) regression line based on
the elasto-capillary regime.

245



Appendices

Appendix E  Filament diameter profiles for 5.0 wt.% and 7.0 wt.% fibre suspensions at

3 different measurements.

The following graphs show the filament thinning profile of 5.0 wt.% and 7.0 wt.% AF 400-
30, WF 101, WF 600 and citrus fibre suspensions. Three capillary breakup tests were
performed and thus three filament thinning profiles were produced for each fibre

suspension.

Mid-plane diameter (mm)

0 T T T T
0 0.2 0.4 0.6 0.8 1 1.2

Time (s)
Figure E1 Filament diameter profile of 5.0 wt.% fibre suspensions measured on the portable

extensional rheometer. (black line) AF 400-30 (red line) WF 101 (blue line) WF 600 and
(green line) citrus fibre.
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Mid-plane diameter (mm)

2.5

Time (s)

Figure E2 Filament diameter profile of 7.0 wt.% fibre suspensions measured on the portable
extensional rheometer. (black line) AF 400-30 (red line) WF 101 (blue line) WF 600 and
(green line) citrus fibre.
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Appendix F  Calculation of apparent extensional viscosity, nz.

The following example shows the calculation for 7.0 wt.% WF 600 suspension. Other types
and concentration of fibre suspensions should follow the same steps. Step by step

calculations are as follow:

1) A similar filament diameter profile used in Figure D1 to determine the relaxation time,
7,,, Was used again to obtain the transient extensional viscosity, nz. The experimental
data included in the calculation of the transient extensional viscosity, nz consists of the
filament diameter from the visco-capillary and elasto-capillary regimes. A polynomial
function was then fitted into the experimental filament diameter data, with certain
polynomial order that best fits the data. For example, based on Figure F1, the function
is as follow:

D(t) = —0.34t> + 2.04t* — 4.67t3 + 5.13t2 — 2.96t + 1.69

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0-0 T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

Time (s)

Mid-plane diameter (mm)

Figure F1 Filament diameter profile of the 7.0 wt.% WF 600 fibre suspension, with fitted
polynomial function.

2) The function was then differentiated. The derivative is as follow:
dD(t)/dt = —1.7t* + 8.16t3 — 14.01t? + 10.26t — 2.96
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3)

The final derivative value, dD(t)/dt, for example, at time, t = 0.5 s for data in Figure

Flisequal to —0.42 mm/s or —4.2 X 10~* m/s.

The final derivative value at every second was calculated as in step (2), and input into
Equation 5.5 to find the transient extensional viscosity, n7. Average surface tension
was used for all fibre suspensions.

ng = —o/(dD(t)/dt) Equation 5.5

66.78 X 1073 N/m
o —4Mm
4.2 x 10 S

+

Ng = =159 Pa.s

Step (3) was repeated for the time range in Figure F1, to generate a curve of transient

extensional viscosity, nz.
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Appendix G Passing-Bablok and Bland-Altman analyses to compare the D-values

obtained by two different methods; MATLAB image analysis and Malvern Mastersizer.

1) Passing-Bablok regression analysis
Let say:
)} The droplet sizes generated by MATLAB image analysis =Y

i) The droplet sizes generated by Malvern Mastersizer = X

Ideally, the results generated by MATLAB image analysis and Malvern Mastersizer
are similar if Y = X.

So,ideally Y=(1)X+0

Where 1 is the slope coefficient and 0O is the intercept. By implying that Malvern
Mastersizer is the standard method, Passing-Bablok attempts to estimate the slope
coefficient and intercept of the MATLAB image analysis results by regression to
the experimental data. An ideal situation is to obtain a slope coefficient equal to 1
and an intercept equal to 0. However, in Passing-Bablok analysis, a 95% confidence
interval (95% CI) was calculated with regard to the slope coefficient and intercept,
to see whether a value of 1 and 0 lies within the 95% CI, respectively. An example
of Passing-Bablok analysis performed on 5.0 wt.% WF 600 fibre suspension is

shown in Figure G1.

Based on Figure G1, the 95% CI for the slope coefficient is between 0.80 to 1.03
while the 95% CI for the intercept is between -12.00 to 72.00. It means that it is
plausible to say that a slope coefficient of 1 and an intercept of 0 were obtained.
This indicates that Y = X, or the droplet sizes generated by MATLAB image
analysis is similar to the droplet sizes generated by Malvern Mastersizer at similar

experimental conditions.
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1000
900
800
700
600
500
400
300
200
100

Droplet sizes based on MATLAB (um)

1100 +
1200 +
1300 +
1400 +
1500 -+

Droplet sizes based on Malvern Mastersizer (um)

Figure G1 A plot showing the relationships between MATLAB image analysis and
Malvern Mastersizer. (o) Experimental results based on MATLAB image analysis, (-
---) the ideal situation if Y (MATLAB results) perfectly equals to X (Malvern
Mastersizer results), (=) fitted regression line based on MATLAB image analysis data
and (=) regression line confidence bands.

2) t-test analysis

A t-test is usually used to determine if there is significant difference between the
means of two groups which the two groups may be related in certain features. In the
atomization of fibre suspensions, the two groups were the D-values generated by
MATLAB image analysis and the D-values obtained by Malvern Mastersizer.
During the t-test, each D-value generated using MATLAB image analysis was
paired with the corresponding D-value obtained using the Malvern Mastersizer. For
example, the D(v,10) of 5.0 wt.% WF 600 at an atomizing air velocity of 150 m/s
generated using the MATLAB image analysis was paired with the corresponding
D(v,10) of 5.0 wt.% WF 600 obtained using the Malvern Mastersizer. Similar

pairings were set for D(v,50) and D(v,90) for all fibre suspensions, at different
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atomizing air velocities. The paired D-values were then analysed using the t-test.

The advantage of the t-test is that it includes the standard deviation of each group,

along with the means.

A p-value was computed to test the null hypothesis that the difference between the

means of the two groups is equal to zero. A p-value of more than 0.05 was obtained

for all pairings which means that there was no significant difference between the

means of the D-values generated by MATLAB image analysis and the means of the

D-values obtained using the Malvern Mastersizer. Table G1 shows the p-values for

each pairing.

Table G1 p-value obtained through the Passing-Bablok analysis based on the comparison
between the D-values generated by MATLAB image analysis and Malvern Mastersizer.

Fibre Atomizing air
suspension velocity (?n/s) D(v,10) D(v.50) D(v.90)

150 0.42 0.78 0.37
5.0 wt.% AF 195 0.93 0.09 0.86
400-30 215 0.17 0.44 0.91
240 0.05 0.32 0.29
150 0.96 0.24 0.75
5.0 wt.% WF 195 0.65 0.07 0.35
101 215 0.71 0.09 0.22
240 0.58 0.06 0.42
150 0.06 0.12 0.21
5.0 wt.% WF 195 0.68 0.59 0.89
600 215 0.07 0.07 0.08
240 0.19 0.58 0.66
150 0.26 0.13 0.27
5.0 wt.% citrus 195 0.77 0.83 0.56
fibre 215 0.08 0.86 0.12
240 0.11 0.30 0.92
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Appendix H Parameters involved during the theoretical prediction of droplet sizes,
D(n,50), based on Keshavarz et al. (2015) relationship.

This appendix shows the details of the parameters involved during the theoretical prediction
of droplet size of fibre suspensions. Equation 6.6 was taken from Keshavarz et al. (2015).

() 1 <\/—C> Oth_l

VE _

D = 12 <—pUA2D]> [1+We60h3] <@>
6

_1 2 cDeRl>
Oth + Oth l (1 + 30th J

- Equation 6.6

(d)ve (um) is the average droplet size, specifically D(n,50) for viscoelastic liquids, D; (m)
is the jet diameter which is similar to the orifice diameter, U, (m/s) is the atomizing air
velocity and o (N/m) is the surface tension. We, Oh, Deg, and Ohg, are the Weber number,

Ohnesorge number and Deborah number respectively, and are as follow:

pL(Up — UA)ZD]

We =
o
oh = £
v PRyo
D T
er, = -
Oth == ‘u

p. (kg/m®) is the liquid density, U, (m/s) is the liquid velocity, u (Pa.s) is the shear viscosity
of the fibre suspensions at shear rate more than 30 000 s™ assuming that viscosity plateau
was reached at high atomizing air velocity (Refer to Section 4.2.1 for clarification), t,. (S)
is the relaxation time and 7 (s) is the Rayleigh time. R, (mm) in Oh is the initial radius of

the jet while R, (mm) in Ohg, is the initial radius of the thinning filament. Value of Deg,
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for each fibre suspension was calculated based on the data from the runs on capillary

breakup extensional rheometer. The example calculations of We, Oh, Deg, and Ohg, for

5.0 wt.% WF 600 fibre suspension are as follow:

kg m m.,
_pu(U, ~ U, _ 1420 7 X (08573~ 1501 x 00015 m

We N = 7.0 x 10°
g 66.78 x 1073 —
m
U 0.20 Pa.s
Oh = — = =0.75
JPRoo J1420 % x (X212) 1 x 66.78 x 103 X
Deg, = - = 5% 1478
R = Rayleigh time ~ 0.023 =
U 0.20 Pa.s
Ohg, = — = = 0.46
VPRoo J1420 kg (0.002ym x 66.78 x 10-3
m m

After computing all the values of We, Oh, Deg, and Ohg,, regression of Equation 6.6 was

performed and produced the curves plotted in Figure 6.14 in Section 6.5.1. ¢ in Equation

6.6 is a single fitting constant and the value is tabulated in Table H1.

Table H1 ¢ values obtained from the regression of Equation 6.6 to the experimental data

of each 5.0 wt.% fibre suspension.

Fibre suspension c value
5.0 wt.% AF 400-30 2.02

5.0 wt.% WF 101 2.73

5.0 wt.% WF 600 4.38
5.0 wt.% citrus fibre 4.10
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Appendix | Publications.

1) Rozali, S. N., Paterson, A. H., Hindmarsh, J. P., & Huffman, L. M. (2019).
Understanding the shear and extensional properties of pomace-fibre suspensions
prior to the spray drying process. LWT, 99, 138-147.
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Contents lists available at ScienceDirect

LWT - Food Science and Technology

journal homepage: www.elsevier.com/locate/lwt

Understanding the shear and extensional properties of pomace-fibre )
suspensions prior to the spray drying process

Siti N.M. Rozali*', Anthony H.J. Paterson®, Jason P. Hindmarsh”, Lee M. Huffman®

4 Sehool of ing and Ad I Technology, Massey Uni New Zealand
" Institute of Food Sctence and Technology, Masscy University, New Zealand
“ The New Zealond Instinute for Plant & Food Reseurch Lid, New Zealand

ARTICLEINFO ABSTRACT

Pomace fibre is the left-over plant from juice processing which has several health-promoting properties. Fibre

Keywords:

Extensional rheology has p lally been recognized as a drying aid in the spray drying of fruit juice. In the present work, shear and

Fibre suspersions extensional properties of different fibre suspensions were assessed and compared. Unlike fruit juice, which

Pomace fibres displays Newtonian behaviour, fibre suspensions exhibit shear thinning behaviour with dependence on the fibre

Shear rhoology fraction and aspect ratio and significant extensional properties as measured with a capillary break-up rheometer.
‘The extensional properties of the fibre suspensions make it more difficult to atomize them. This study shows the
importance of assessing both shear and extensional properties of fibre suspensions before incorporating them in
spray drying.

1. Introduction moulding (Crowson, Folkes, & Bright, 1980; Laun, 1984; Thomason,

Pomace is the by-product or waste material that remains after
pressing fruit to extract the juice. Juice is widely used in food products.
A lot of studies have been done on fruit juices ranging from its com-
position, physical properties, rheology and production of juice powder
by spray drying (Camerlingo et al,, 2007; Hobani, 1998; Juszczak &
Fortuna, 2003; Verma & Singh, 2015; Vitali & Rao, 1984). In contrast,
pomace is usually treated as a waste. Many studies, in fact, show that
pomace is a rich source of minerals, protein and fibres (Boyer & Lin,
2004; Farahnaky, Abbasi, Jamalian, & Mesbahi, 2008; Sudha, Baskaran,
& Leelavathi, 2007).

Pomace fibres have long been recognized as having a positive effect
on human health and nutrition (Anderson & Chen, 1979; Coudray et al.,
1997; Montagne, Pluske, & Hampson, 2003). Recently, there has been
an interest in the potential use of pomace fibres as a drying aid in the
spray drying of fruit juices. In spray drying applications, the spray-
ability of a fluid is influenced by its rheology (Keshavarz et al., 2015).
The atomization process, which occurs in a spray dryer, converts bulk
liquid into a spray due to the action of turbulence and aerodynamic
interaction but it is opposed by the viscosity. High viscosity can fore-
stall the breakup which leads to a lower atomization efficiency such as a
longer breakup time or bigger droplet sizes.

Previous studies on the rheology of fibre suspensions mainly focused
on synthetie fibres which are widely used in processes such as injection

* Corresponding author.

2002). Most of the existing studies have been devoted to the relation
between suspension shear viscosity and the fibre concentration, fibre
geometry and fibre orientation (Bibbo, 1987; Ganani & Powell, 1985;
Kitano & Kataoka, 1981). The effect of fibres on the shear viscosity of
suspensions is complex. Factors that affect the shear viscosity include
fibre particle size and shape, particle size distribution, fibre volume
fraction, fibre flexibility, aspect ratio and shear rate (Djalili-
Moghaddam & Toll, 2006; Pabst, Gregorovd, & Berthold, 2006). The
fibre aspect ratio is @ = L/D, where L and D are the length and dia-
meter of the fibres respectively.

Fibres can be divided into rigid and flexible fibres, Effective stiff-
ness, which characterized the relative importance of fibre stiffness, has
been proposed by Switzer I & Klingenberg (2003), as shown in Eq. (1),
It is used as a criterion for fibre Mexibility.

S9 = By aD*i64y, yL* (1

where Ey is the Young modulus of the fibres (Pa), 7,, is the viscosity of
suspending fluid (Pa x ) and 7 is the shear rate (1/5). As S — 0, the
fibres behave like completely flexible threads, whereas for S — oo,
the fibres become rigid. Previous works have shown that fibre flexibility
enhances both viscosity and the storage and loss moduli (Keshikar,
Heuzey, & Carreau, 2009; Kitano, Kataoka, & Nagatsuka, 1984;
Kotsilkova, 1992; Soszynski & Kerekes, 1988).

Fibres can be regarded as clongated particles and elongated

E-mail addresses: §. Mohd-Rozali@massey.ac.nz, nadjiharozali@gmail.com (S.N.M. Rozali).
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S.N.M. Razall et ai,

particles can lead to an increase in the shear viscosity of suspensions
that exceeds the usual increase encountered for isometric particles. The
increase in the viscosity with volume fraction for suspensions con-
taining particles with different average aspect ratio is usually char-
acterized based on the Krieger (Krieger, 1972) and Maron-Pierce
(Maron & Pierce, 1956) relationships shown in Egs. (2) and (3) re-
spectively.

5 =1 - ole) e 2
7. =(1 - @/a)™ (3)

in which [5] is the intrinsic viscosity, @ is the volume fraction of sus-
pensions and @, is the critical volume fraction. The Maron-Pierce re-
lation is often considered as a special case of the Krieger relation, ob-
tained by setting []@. = 2. The intrinsic viscosity is a parameter that
depends on the particle shape in the suspension, i.e. the particle aspect
ratio.

Shear and extensional properties are rheological characteristics of a
given material, Unlike shear rheology, which has been studied quite
extensively, studies on the extensional rheology of fibre suspensions are
very scarce. The different types of flow between shear and extensional
fluids and their forms of deformations and resistances are clearly illu-
strated by (Steffe, 1996). In the presence of extensional flow, some li-
quids, such as fibre suspensions, can develop extra resistance or Lension
that cannot be quantified by shear rheology (Ooi & Sridhar, 2004), The
extensional flow is present along with the shear flow in the cases where
the flow undergoes a large contraction or expansion, such as in pipe
contraction or a nozzle (Astarita & Greco, 1968). This extensional
property or elasticity can influence the pressure drop and hence the
atomization or sprayability of the liquids (Chhabra, 2006; Keshavarz
et al., 2015; 14, 2006; Mansour & Chigier, 1995; Thompson & Rothstein,

LWT - Food Science and Techmolagy 99 (2019) 138-147

Immediately following the inertial regime there is visco-capillary re-
gime, where the capillary forces are balanced by the shear viscosity of
the fluid. In this regime, the mid-plane diameter of the filament de-
creases linearly with time (Clasen, Phillips, & Palangetic, 2012;
McKinley & Tripathi, 2000). The linear viscous thinning regime is fol-
lowed by an exponential filament thinning process at which the capil-
lary pressure arising from the surface tension is balanced purely by the
stress arising from the fluid elasticity. This is referred to as an elasto-
capillary balance. Under the conditions of elasto-capillary balance, the
mid-plane diameter D(r) decays exponentially, and is given by Eq. (4)
(Jaishankar, Wee, Matia-Merino, Goh, & McKinley, 2015; Keshavarz
et al., 2015):

D()/ Dy = (GDy/ 25 ) exp[—1/(31)] (4)

in which D, is the initial filament diameter, G is the elastic modulus
(Pa), o is the surface tension (N/m) and t is the relaxation time () in
the Oldroyd-B model or also known as Upper Convected Maxwell
model, Therefore, the experiments performed using a portable exten-
sional rheometer yields a measure of the characteristic relaxation time
of the liquid, © in clongation. Deborah number, De = /7 is usuvally
used to balance the elastic and inertial forces. High De, usually more
than 1, means that the flow is dominated by elasticity (Clasen et al.,
2012),

The main objective of this research was to study the shear and ex-
tensional rheological properties of fibre suspensions. The results from
this study can be compared to previous rheological studies of fibre
suspensions which are often conducted under pure shear flow, ne-
glecting extensional flow. The shear viscosity properties were measured
using an available commercial rotary rheometer while the extensional
viscosity properties were quantified using a portable capillary breakup

: N
mal r ter.

2007). Thus, it is important to understand both shear and extensional
rheology of fibre suspensions before incorporating pomace fibres as a
drying aid in the spray drying.

Precise measurements of extensional properties such as fluid re-
Jaxation time are essential for a quantitative study of these effects.
Relaxation time is the characteristic time scale for viscoelastic stress
growth in a uniaxial elongational flow (Rodd, Scort, Cooper-White, &
MeKinley, 2004). There are few well-known methods that can be used
to quantify the extensional effects which are Filament Stretching Ex-
tensional Rheometer, FiSER™ (Cambridge Polymer Group, Boston),
Capillary Breakup Extensional Rheometer, CaBER™ (Cambridge
Polymer Group, Boston and Haake) and Cambridge Trimaster
(Hallmark et al., 2016). These devices measure the necking of an ex-
tensionally-strained fluid filament as a function of time. The CaBER was
first developed by McKinley and co-workers at MIT in conjunction with
the Cambridge Polymer Group. The CaBER can provide information on
clasticity, relaxation time and filament breakup time. Conventional
extensional rheometers are heavy, delicate and expensive. There is,
therefore, a need for a portable device for ing the exte 1
behaviour, The first lightweight portable extensional rheometer was
built by Collett et al. (2015). The portable rheometer works very si-
milarly to the CaBER, by monitoring the dynamics of the breakup of
fluid filament following a short, rapid, extensional deformation. One
can obtain information about the relaxation time, the extent of non-
Newrtonian behaviour and the breakup time for the fluid. The latter
parameter is an important value in atomization applications,

The filament breakup dynamics of Newtonian liquids are very
simple. The mid-plane diameter D(¢) of sufficiently viscous Newtonian
liquids decays linearly with time until breakup (Hallmark et al., 2016).
For different fluid systems all three effects of inertia, viscous and elastic
stresses may be in balance with the capillary pressure for some part of
the thinning and breakup process. For example, in the initial stage of
the thinning, the flow in the filament will be dominated by inertia; and
the mid-plane diameter will thin down with a timescale set by an in-
ertia-capillary balance (also known as the Rayleigh timescale, 7).

2. Experimental
2.1. Materials preparation and characterization

The commercial apple fibres (Apple Fibre 4010-30) and wheat fibres
(Wheat Fibre 101 & Wheat Fibre 600) used were supplied by IMCD New
Zealand Limited and the citrus fibres were supplied by Hawkins Watt
New Zealand; all were used as received. The fibres have different aspect
ratios as tabulated in Table 1. Different concentration fibres suspen-
sions were prepared by mixing the fibre powders into 60 “Brix con-
centrated apple juice, supplied by ENZA Food New Zealand, at 20°C
and continuously stirred until complete dispersion was achieved. All
mixtures were prepared immediately before conducting a test.

The density of fibres, measured by helium pycnometry (AccuPye 11
1340, Micromeritics, Norcross, USA) at Fonterra New Zealand, were
1.47 4 0.001 g/mL, 1.56 4 0.002 g/mL, 1.57 4 0.002 g/ml and 1.51 &
0.002 g/mL for Apple Fibre 400-30, Wheat Fibre 101, Wheat Fibre 600
and citrus fibre respectively.

Table 1
Summary of fibre lengths and its corresponding aspect ratio.
Types of fibres Supplier Average fibee Jength  Aspect ratio
{um)
Apple Fibre 400-  IMCD New Zealand 30 23
30 Limited
Wheat Fibre 101 IMCD New Zealand 50 2-3
Limited
Wheat Fibre 600 IMCD New Zealand 100 8-10
Limited
cltrus fibre Hawkins Wart 200 $-10
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(a) (b)
(c} (d)

Fig. 1. Light microscope images of (a) Apple Fibre 400-30 (b) Wheat Fibre 101 (c) Wheat Fibre 600 (d) citrus fibre after staining with safranin. The length of the scale

bar is 20 um in (a) and 100 um fn (b-d).

2.2. Size characterization of fibres

A light microscopic technique was employed to determine the
length distribution of all fibres. All fibre particles were stained with
safranin and washed with MilliQ water afterwards. The stained fibres
were resuspended in water to ensure a good separation between par-
ticles under the microscope. All fibre suspensions were photographed at
a suitable magnification using Oly BX53 mi ope (Tokvo,
Japan). Image analysis software, ImageJ, was used to measure the
length and diameter of each fibre. An average of 30 images was ana-
lysed for cach fibre type.

Microscope images of all fibres are shown in Fig. 1. Apple Fibre 400-
30 and Wheat Fibre 101 fibres have average lengths of 30 and 50 pm,
respectively. The aspect ratio is between 2 and 3 for both fibres. Wheat
Fibre 600 and citrus fibres have an average length of 100 pm and 200
wm respectively with aspect ratios ranging from 8 to 10 as tabulated in
Table 1. The fibre length distribution is plotted in Fig. 2.

2.3. Shear rheology

Shear rheology tests were performed using MCR 301 rheometer
with a ceaxial cylinder (Anton Paar GmbH) at 20 °C. The gap between
the cup and bob of the coaxial cylinder was varied in the range 0.30-2.0
mm, During the shear flow tests, the shear rate was increased step-by-
step from O to 1000/s and the change of viscosity was observed at the
rate of 0.25min/viscosity point. Small amplitude oscillatory shear
measurements at a strain amplitude of 0.1% were conducted in order to
obtain the linear viscoelastic properties of the fibre suspensions studied

90 -
80 4
70
60 o
50 4

Distribution (%)
5

@ 100 200 300 400 S04
Fibre leagth (um)

Fig. 2. Fibre length distribut ed using the
BX53 microscope and ImageJ, Black full line represents Apple Fibre 400-30, red
full line represents Wheat Fibre 101, black dashed line represents Wheat Fibre
600 and red dashed line represents citrus fibre. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)

tion of Olymp

as a function of frequency between 1 and 100 rad/s.

2.4. Extensional rheology

Extensional rheology tests were carried out using a portable capil-
lary breakup extensional rheometer, equipped with a battery-powered
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Solenoid

Camera

Parfocal Lens

Fig. 3. {left) Close-up view of the portable
rheometer.

. (right) Ph

solenoid that is capable of applying an abrupt stretch to a sample of
liquid placed between two 4 mm pistons thus creating an extensional
field. The rheometer was built in-house at Massey University based on
the previous work by Bart et al. (2016). The setup is shown in Fig. 3.
Fluid samples were carefully loaded between the pistons using a pip-
ette. The upper piston was abruptly raised to a pre-set height to create a
filament and a high-speed camera was used 10 capture images
throughout the stretching process and these were used as a means of
measuring the change in the diameter of the filament. MATLAB soft-
ware was programmed to digitally analyse the measurement of the
diameter in each frame.

3. Results and discussion
3.1. Steady shear properties

The viscosity of clear apple juice was measured for a range of shear
rate from 0.1 to 1000/s, This is shown in Fig. 4. A closer observation on

Fig. 4 shows that the viscosity is constant at 0.34 Pa.s from 0.2 to 300/s
demonstrating that the apple juice follows Newtonian behaviour. At

1A

oo

bt & &

Viscosity {Pa.s)

0.1 T T T
0.1 1 10 100

Shear Rate (1/s)

1000

Fig. 4. Flow curve for clear apple juice. Raw experimental data () and sug-
gested reliable working range of 0.2/5-500/s (—) using MCR 301 rheometer.

BEAF

of the whole setup including camera, lens and the portable extensional

shear rates above 500/s, it is suggested that viscous heating has started
to become significant, which is evident from the slight decrease in
viscosity value. Hence, all measurements on MCR 301 rheometer were
restricted to the range between 0.2 to 500/s.

In contrast, all fibre suspensions when submitted to steady shear,
show a shear thinning behaviour as seen in Fig. 5 and Table 2. This is
the result of the breakdown of the macromolecular structures in the
fibre suspension as the shear rate changes. The structures may be
contributed by the non-hydrodynamic adhesive interactions between
fibres, mechanical contacts between the fibres as well as floe or network
formation, and all were destroved by imposing greater shear rates
(Bounoua, Lemaire, Férec, Ausias, & Kuzhir, 2016; Djalili-Moghaddam
& Toll, 2006).

Fig. 5 shows that the shear viscosity increased with increasing fibre
fraction since higher fibre fraction allows for more entanglements,
which then provide greater resistance for the suspensions to flow. The
results agree with previous studies done on microfibrillated cellulose
(Lauri, Koponen, Haavisto, Czajkowski, & Fabritius, 2017). Entangle-
ments are susceptible to occur due to the use of flexible fibres. Natural
or plant-based fibres often have relatively low Young's modulus com-
pared to other fibres (Facca, Kortschot, & Yan, 2006). Based on Eq. (1),
a low Young's medulus contributes to a low stiffness of fibres, thus
greater flexibility.

A fluid with non-Newtonian behaviour in which the strain rate ex-
perienced by the fluid is related to the stress in a non-linear way:
r = ky* where r is the shear stress (Pa), &k is the consistency index
(Pa x s™) and # is the flow index is known as a power-law fluid. Fig. 5
shows how the power-law model provides a reasonable description of
the experimental data of 4.5 and 9,0 mL/100 mL fibre suspensions.
Table 2 lists the values of the fit parameters, & and n, based on the
power-law model. The degree of shear thinning is measured by the flow
index, which decreases when pseudoplasticity increases. Higher values
of n were observed at the lower concentration of 4.5 mL/100 mL fibre
suspensions while lower values of n were observed at a greater con-
centration of 9.0 mL/100 mL fibre suspensions, which indicates that
non-Newtonian behaviour increases with the increased volume of fibres
in the suspensions. The same relation was found by Grigelmo-Miguel,
Ibarz-Ribas, and Martin-Belloso (1999) in peach dietary fibre suspen-
sions, by Bhattacharya, Bal, Mukherjee, and Bhartacharya (1991) in
tamarind kernel suspensions and by Mahmoud and Fugitt (1996) in a
nutritional supplement containing oat fibre.

Fig. & shows the effect of fibres aspect ratio on suspension
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Fig. 5. (A) 4.5 mL/100 mL and (M) 9.0 mL/100 mL fibre suspensions with power-law model fitting (—). (a) Apple Fibre 400-30 (b) Wheat Fibre 101 (c) Wheat Fibre

600 (d) citrus fibre suspensions.

Table 2
Fit parameters, k and #, based on power-law model for 4.5 mL/100 mL and 9.0
mL/100 mL fibre suspensions.

Fibre Consistency Flow
suspensions index, k index, n

Consistency Flow
index. k index, n

4.5 mL/ 100 mL 9.0 mL/100 mL

Apple Fibre 400-  1.01 0,91 986 0.79
30

Wheat Fibre 101 0.80 0.96 1575 0.75

Wheat Fibre 600 1.76 0.91 3211 0.68

citrus fibre 2.59 0.82 46,63 0.61

viscosities. At 4.5 mL/100 mL concentration, Wheat Fibre 600 and ci-
trus fibre suspensions with an aspect ratio of 8-10, exhibit higher
viscosity compared to the Apple Fibre 400-30 and Wheat Fibre 101
which have aspect ratios of 2-3. This behaviour can be related to the
formation of a network-like structure. A higher aspect ratio of fibres
allows for a greater probability of interaction between the fibres or fibre
contacts, This clearly has a strong effect on the suspension’s viscosity.
Apple Fibre 400-30 and Wheat Fibre 101 can be said to exhibit similar
shear viscosity throughout the runs since both fibres have identical
aspect ratios, This also applies to Wheat Fibre 600 and citrus fibre.
These results agree with previous studies by Djalili-Moghaddam and
Toll (2006). From Figs. 5 and 6, it is evident that during shearing of a
fibre suspension, both fibre fractions and aspect ratio play a dominant
role in affecting suspension shear viscosity.

10 4
g
g 5555555999900¢000000.
2
Z | A
£ O‘&OMnmamnmomoo
0.1 '
: : 10 100

Shear Rate (1/s)

Fig. 6. Shear behaviour of different 4.5 mL/100 mL fibre suspensions as a
function of aspect ratios, (A) Apple Fibre 400-30 and (O) Wheat Fibre 101 at
aspect ratio 2-3 () Wheat Fibre 600 and (WD Citrus fibre at aspect ratio 8-10.

Fig. 7 shows the measured relative viscosities, »,, together with fit
curves obtained by non-linear regression via Eq. (2) (Krieger fit, dashed
lines) and 3 (Maron-Pierce fit, full lines). The vertical asymptotics
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Fig. 7. Concentration dependence of the relative viscosity of (a) Apple Fibrc 400-30 (b) Wheat Fibre 101 (¢) Wheat Fibre 600 (d) citrus fibre. Red full line represents

rtical vah

Krieger fit and green dashed line represents Maron-Plerce fic. The

fraction obtained by fitting are indicated as vertical asymptotics. (For

interpretation of the reforences o colonr in this fignre logend, the reader is rofprw(l to the Weh versinn of this article )

Table 3

Fit parameters, @, and [y], for the ¢ ion d dence of the relati

viscosity of suspensions with dlfferent fibres obtained wuh the Krieger relation.
Fibre suspensions De (%) il <
Apple Fibre 400-30 25 13.00 0.97
Wheat Fibre 101 26 1273 0.97
Wheat Fibre 600 19 14.61 0.95
Citrus Fibre 20 15.00 0.96

Table 4

Ficp s, @, for the lon d of the relatl ity of

suspensions with different fibres obtained wuh the Maron-Pierce relation,
Fibre suspensions @ (%) <
Apple Fibre 400-30 17 0.9
Wheat Fibre 101 18 0.9
Wheat Fibre 600 15 0.94
Citrus Fibre 15 095

indicate the corresponding critical volume fraction, @, obtained by
fitting. Tables 3 and 4 list the values of the fit parameters, [7] and @,
together with the correlation coefficients, C, as a measure of the quality
of the fit, determined wsing the Krieger and Maron-Pierce relations
respectively, Mere visual inspection shows that both Krieger and
Maron-Pierce fits are excellent for all types of fibre suspensions. In
particular, the intrinsic viscosity based on Krieger relation of Wheat
Fibre 600 suspension is very similar to that of citrus fibre suspension.
The intrinsic viscosity of low aspect ratio Wheat Fibre 101 and Apple
Fibre 400-30 is lower than Wheat Fibre 600 and citrus fibre suspen-
slons.

A similar conclusion can be drawn with respect to the critical vo-
lume fractions determined from Krieger and Maron-Pierce relations.
The critical volume fraction of Wheat Fibre 600 determined by both
relations, is very similar to the value of citrus fibre. The critical volume
fraction of Wheat Fibre 600 and citrus fibre suspensions are also lower
than the critical volume fraction of Apple Fibre 400-30 and Wheat Fibre
101, The critical volume fraction is defined as the concentraton at
which blocking of the flowability eccurs.
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Fig. 8. Flastic (G, filled symbols) and viscous (G, open

(b) symbols) moduli evolution with frequency for (a) 4.5 mL/
100 - 100 mL and (b) 9.0 mL/100 mL of (¢) Apple Fibre 400-30
: 1000 (A) Wheat Fibre 101 (M) Wheat Fibre 600 and (@) citrus
3 g @ k fibre suspensions.
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3.2. Small amplitude osciliatory shear properties (a) 5 |nilia} stage
J
Fig. 8 shows the storage modulus, G* (elastic response) and loss 18
modulus, G" (viscous response) from 1 to 100 rad/s for 4.5 and 9.0 mL/ 1.6
100 mL fibre suspensions. G and G represents the solid-like and fluid- T4
like behaviours of the suspensions, respectively. The fluid-like beha- £
viour prevails over the solid-like behaviour for the whole range of g 12
frequencies studied for 4.5 mL/100 mL fibre suspensions as shown in g l
Fig. 8(a), which suggests the presence of weak entanglement networks = 08 final stage
(Piermaria, Bengoechea, Abraham, & Guerrero, 2016). G' and G" values :ﬁ: 06 - )
of Apple Fibre 400-30 and Wheat Fibre 101 suspensions are lower than = 0.4 4
Wheat Fibre 600 and citrus fibre suspensions. For 9.0 mL/100 mL fibre E 1
suspensions, the fluid-like behaviour is dominant at lower frequencies 024
until reaching a crossover where solid-like behaviour starts to be 0 - T T
dominant. This behaviour is true for the higher aspect ratio suspensions 0 0.5 1 1.5 2 25
of Wheat Fibre 600 and citrus fibre while no crossover appears within Time (s)
the tested frequency for the shorter aspect ratio of Apple Fibre 400-30
and Wheat Fibre 101. Fig. 8 also shows the effect of concentration on )
the mechanical properties of the fibre suspensions. The increase in fibre (b) 2
concentration results in an increase in the storage modulus of the sus- 18
pensions. Elastic behaviour increases strongly with concentration, as = ]‘ =
the entanglements are favoured. This behaviour agrees with Damani, é 2
Powell, and Hagen (1993) and Xu, Chatterjee, Koelling, Wang, and 5 14
Bechtel (2005). These results suggest that the fibre suspensions are not é 12
purely viscous and show significant elastic behaviour, depending on the = !
concentration of fibres. 2 08
-
= 0.6 oy |
= 04 1
3.3. Extensional properties - 02 : 1
I
Fig. 9 displays the profile of mid-filament diameter, D 4, versus 0 0 0.5 1 L5 5 = 25
time of fibre suspensions measured on the portable extensional rhe- e S = &

ometer. To keep the initial filament configuration close to cylindrical
with insignificant bulging effects, the capillary breakup tests employed
axial separations so that ho/Re 5 1/ Bo (Rodd er al., 2004), hy is the
initial separation between upper and lower piston while R, is the initial
sample radius, hy; of 1.5 mm and R, of 2 nun were used in the experi-
ment. The Bond number, Bo, is equivalent to Bo = pgRZ/4c where ¢ is
the density of the solution (kg/m®) and g is the gravitational constant
(m/s*). Surface tensions of the solutions was measured beforehand
using a Wilhelmy plate technique and were in the range of
0.065 = 0.069 N/m,

Theoretically, the breakup of Newtonian liquids follows a linear
diameter profile where the liquids break after stretching (stretch-
breaking stages only). It means that the dependence of thinning dia-
meter on time is linear. This behaviour is shown by the apple juice in
Fig. 9(a). Liquids with significant elastic properties display an ex-
ponential profile where the filament passes through stretch-relaxation-
breaking stages, as shown in Fig. 9(a) with the suspensions with added

Fig. 9. (a) Filament diameter profile of (@) apple juice and (7) 6.0 mL/100 mL
Wheat Fibre 600 suspensions (b) Filament diameter profile of the 6,0 mL/
100 mL Wheat Fibre 600 suspensions showing the identified different regimes
(0D inertia-capillary regime (C]) visco-capillary regime (0)) elasto-capillary
regime (—) exponential fit.

fibre. Such exponential decay with time is a characteristic of a pure
extensional flow which has been previously observed in various lit-
erature (Hallmark et al., 2016; Jaishankar et al., 2015; Piermaria et al.,
2016).

Based on Fig. 9(a), the fibre suspension initially starts to thin by a
similar mechanism as the Newtonian apple juice, as can be seen from
the linear decrease in mid-plane diameter. The similar thinning dy-
namics or mechanism implies that the role of fibres is absent during this
stage. It is suggested that the fibre particles remain in their equilibrium
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conformation and thus are not influencing the thinning dynamics,
However, after the linear decrease, the thinning dynamics start to di-
verge. The start of the divergence point is what is referred to as the
onset of necking. At the onset of necking, the fibres are suggested to
orientate, stretch and elongate suddenly due to the pure extensional
flow created inside the filament. The idea of re-orientation of elongated
particles along extensional flow direction has been discussed by
Batchelor (1970) and Batchelor (1971). This creates high extensional
viscosity that can resist the deformation of the thinning process of the
filament and lead to the formation of a stable filament. This process
then contributes to the delay in the breakup of the filament. This be-
haviour of fibre suspensions is similar to the behaviour of most polymer
solutions (Piermaria et al., 2016). During the last stage, the thinning
dynamics diverge back into a linear decrease, [t is suggested that in this
regime, the fibres have reached the maximum elongation such that the
extensional viscosity could not resist the thinning anymore. This leads
to a quick decay in mid-plane diameter until finally break up.

The expe tial filament di profile of the fibre suspensions
was divided into different regimes according to the thinning mechan-
isms explained above. The relaxation time, t, for different fibre sus-
pensions were obtained and compared. The data of 6.0 mL/100mL
Wheat Fibre 600 from Fig. 9(a) was plotted again in Fig. 9(b) according
to the different regimes. The shape of the filament diameter profile
helps in determining the onset of the elasto-capillary regime, in which
Eq. (4) hold. At very early times, the liquid bridge has just been formed
and the thinning fil t was domi d by inertia and the mid-plane
diameter thinned down with a timescale set by an inertia-capillary
balance (plotted in orange bullets). Following this inertial regime, there
is a visco-capillary regime characterized by the linear decrease in mid-
plane diameter profile (plotted in red bullets). At this regime, capillary
forces were balanced by the shear viscosity of the fibre suspension. The
linear viscous thinning regime is followed by an exponential clasto-
capillary regime in which the filament diameter decays as in Eq. (4)
(plotted in black bullets). Regression of Eq. (4) enables the measure-
ment of relaxation time, © for the 6.0 mL/100 mL Wheat Fibre 600
suspension. In this case, the 7, of 6,0 mL/100 mL Wheat Fibre 600
suspension is 0.625s. The deviation of the experimental value to the
predicted value of mid-plane diameter at every single second was ¢al-
culated using Root Mean Square Error (RMSE) methed. The obtained
RMSE values for every curve at every single point are all below 0.2
except for the data in the dashed rectangular region in Fig. 9 (b). The
exponential decay in this region can be said to not fit the data anymore.
This is suspected to be due to the fibres reaching their maximum
stretching or extensibility limits such that they cannot extend anymore.
This means that the fibres contribution to the extensional viscosity is
saturated, After the finite extensibility of the fibres, the mid-plane
diameter then sharply falls to zero in a linear manner. This reasoning
can be supported by the fact that the exponential decay of Eq. (4) from
Oldroyd-B madel is originally predicted on infinite extensibility of a
polymer chain and as a consequence, the thinning filament will never
breakup which is physically impossible (Bazilevsky, Entov, & Rozhkov,
1990). Regression of Eq. (4) was performed on all D,;(f) vs. ¢ data of
different fibre suspensions to determine the relaxation time, t. The
relaxation time of all fibre suspensions are tabulated in Table 5, The
ratio of the relaxation time, 7, to Rayleigh timescale, ©;, of all fibre
suspensions is more than 1, which indicates that the flow is dominated
by elasticity. It is suggested that future works should be done looking at
using a modified constitutive equation, instead of Eq. (4), that can
better describe the complex flow phenomenon of fibre suspensions in
extensional flow field.

Based on Fig. 10, it is apparent that the relaxation phase of Apple
Fibre 400-30 and Wheat Fibre 101 is less obvious compared to the
Wheat Fibre 600 and citrus fibre at both 4.5 and 6.0 mL/100 mL. This is
probably due to the Wheat Fibre 600 and citrus fibre having longer
fibres than Apple Fibre 400-30 and Wheat Fibre 101, which corre-
sponds to a higher aspect ratio. It is suggested that for the same strength
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Table 5
Relaxation time for 4.5 and 6.0 mL/100mL of different fibre suspensions
measured using the portable extensional rheometer.

Fibre suspensions Fibre fraction {mL/100 mL} Relaxation time,
Apple Fibre 400-30 45 0,120
6.0 0.253
Wheat Fibre 101 4.5 0.161
5.0 0.236
Wheat Fibre 600 45 0.338
6.0 0.646
Citrus Fibre 45 0,333
6.0 0723
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Fig. 10, Filament diameter profile of (a) 4.5 mL/100mL and (b) 6.0 mL/
100 mL of Apple Fibre 400-30 (red dashed line), Wheat Fibre 101 (black dashed
line), Wheat Fibre 600 (red full line) and citrus fibre (black full line) suspen-
sions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

of extensional flow or deformation, individual fibre particles unravel
and evolve with different rates and thus contribute to different steady-
slate extensions. Longer fibres require more time o unravel, stretch and
elongate before reaching the critical condition where the filaments fi-
nally break. That explains the longer relaxation phase of Wheat Fibre
600 and citrus fibre suspensions compared to Apple Fibre 400-30 and
Wheat Fibre 101 suspensions which are relatively short. In addition to
the contribution by the individual fibres, fibre aggregates are also
present during the flow. Higher aspect ratio induces greater probability
of fibres interaction which then forms stronger fibre aggregates. During
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the extensional flow, stronger fibre aggregates are suggested to require
a longer time to deform and break compared to looser aggregates
formed by lower aspect ratio fibres,

. Concluding remarks

This study has shown the shear and extensional behaviour of fibre
suspensions. Under shear deformation, all types of fibre suspensions
show shear thinning behaviour. The magnitude of the viscosity or re-
sistance depends on the fibre fraction and aspect ratio. Meanwhile,
under extensional deformation, fibre suspensions show significant ex-
tensional behaviour, which is evidenced by the exponential thinning
profile that is absent in Newtonian liquid flow. The fibre suspensions
still underwent breakup but the breakup time is longer compared to a
Newtonian liquid. The extensional behaviour is strongly dependent on
fibre fraction and fibre aspect ratio. Further investigations using nu-
merical computations to validate the claimed underlying mechanisms
of fibre orientations are recommended in future studies.

The results from this study will assist in the designation of spray
drying or atomization with fibre as the drying aid. Both the shear and
extensional properties of fibre suspensions will influence the efficiency
of the atomization process, An early hypothesis suggests that the shear
thinning properties of fibre suspension will favour atomization as less
energy is needed 1o overcome the shear resistance of fibre suspensions.
Meanwhile, the extensional properties will limit the process by re-
quiring more energy during atomization (Mansour & Chigier, 1995).
Studies on the determination of the more dominant factor between
shear and extensional flow during atomization and the method to op-
timize the atomization process in the case of fibre suspensions are

currently ongoing,
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s

Atomization of non-Newtonian viscoelastic liquids was carried out using a two-fluid nozzle. Juice-fibre sus-
pension is a shear thinning liquid that exhibits significant extensional resistance when forced through an ex-
tensional flow-field. ‘T'wo types of fibres were used with aspect ratios of 2-3 and 8-10, The atomization beha-
viour of the suspensions discharging in the air was photographed using a backlit setup to visuvalise the
atomization pattern of viscoelastic fibre suspensions. The cffect of the extensional resistance is to delay the
droplet formation by forming flamentary structures that link suceessive droplets together. As a consequence,

droplets of viscoelastic fibre suspensions are usually bigger than Newtonian droplets, Using a two-fluid nozzle, at
an atomizing air velocity of 150 m/s, the average droplet size of fibre suspension with aspect ratio 2-3 was
450 ym while the average droplet size of fibre suspension with aspect ratio 8-10 was 530 um. Increasing the
atomizing air velocity in the two-fluld nozzle yielded better atomization by forming smaller droplets as proved
by the droplet size analysis, At the highest tested atomizing air velocity of 240 m/s, both average droplet sizes
were reduced to approximately 200-250 pm.

1. Introduction

Atomization of liquids plays a major role in many industrial pro-
cesses such as spray drying, internal combustion engines and painting.
In spray drying, the inherent advantages of efficient or good atomiza-
tion prior to the drying stage have been known and proved many times.
In fruit juices applications, the spray drying process requires in-
corporation of a drying aid to assist with the drying step. Maltodextrin
s a commerclally used drying afd that has been in pracrce for the
previous decades (Verma and Singh, 2015),

Atomization is the process of breaking up or disrupting a bulk liquid
jet into droplets. This phenomenon occurs due o the competition be-
tween two opposing forces; disruptive and cohesive. Atomization oc-
curs when the former force overcome the latter. The disruptive forces
include kinetic energy, friction, gravity, interface shearing and pressure
fluctuation. Meanwhile, the cohesive forces include shear viscosity and
surface tension of liquids that stabilize the liquid jet from breaking up.
Many studies have tried to explain and propose atomization mechan-
isms based on these forces. Early works usually relate the atomization
with shear viscosity and surface tension of the liquid as the main forces
that opposed the atomization. From there, various correlations, ato-
mization maps and atomization mechanisms were developed to predict
the performance of Newtonian liquid atomization (Faeth et al,, 1995;

* Corresponding author,
E-mail address: S.Mohd-Rozali@massey.ac.nz (S.N.M. Rozali).

https://doi.org/10.1016/) jfoodeng. 2019.03.017

Hinze, 1955; Lasheras er al., 1998; Lefebvre and McDonell, 2017;
Wierzba, 1990). The maps and atomization mechanisms are usually
explained based on Reynolds number, Re and Weber number, We (Reitz
and Bracco, 1986). Re, as in Eq. (1), determines the state of jets flow,
either laminar or turbulent while We, as in Eq. (2, is the ratio between
aerodynamic disruptive forces exerted on the liquid and the restoring
surface tension forces.

Re=p, Uy +u )
We = p, (U - UsVDiie 2)

where p;, 4 and o are the density (kg/m®), shear viscosity (Pa.s) and
surface tension (N/m) of the liquid respectively. D, is the jet diameter
(m) and U; and U; are the velocity (m/s) of the liquid and air respec-
tively. Various authors suggested different critical values of We, be-
tween 4 and 99.6, above which the atomization occurs (Derby, 2010;
Hanson et al.,, 1963; Wierzba, 1990).

Most liquids of commercial and industrial relevance have complex
behaviours that do not necessarily follow Newtonian behaviour. There
are many applications in which these non-Newtonian liquids experience
atomization such as inkjet printing and spray drying of foods. Previous
work has shown that some non-Newtonian liquids behave in a different
manner compared to Newtonian liquids. Specifically, some non-
Newtonian liquids such as fibre suspensions can develop extensional
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resistances or elasticity that cannot be quantified by shear rheology
when forced through an extensional flow-field (Christanti and Walker,
2006; Ooi and Sridhar, 2004; Rozali et al, 2019; Steffe, 1996;
Thompson and Rothstein, 2007). The different types of flow field be-
tween shear and extensional and their forms of deformations and re-
sistances are clearly illustrated by Steffe (1996), This has motivated
many researchers to focus on the extensional rheological properties of
liquids in order to better understand the effect of viscoelastic liquids on
atomization performance (Christanti and Walker, 2006; Thompson and
Rothstein, 2007). There are a few well-known methods that can be used
to quantify the extensional rheology of liquids such as Filament
Stretching Extensional Rheometer (FiSER™), Capillary Breakup Exten-
sional Rheometer (CaBER™) and Cambridge Trimaster. Previous work
has characterised and quantified both shear and extensional rheology of
fibre suspensions that were used in the current atomization study
(Rozali et al., 2019).

The importance of incorporating the extensional rheology, along
with the shear rheology in explaining atomization mechanisms, has
gained more recognition recently. The addition of viscoelasticity can
lead to significant changes in both jet breakup and final droplet size.
Chao et al. (1984) and Owens et al. (2011) show that the addition of
elasticity may inhibit the sprayability of a liquid. The extensional re-
sistance also impairs atomization by inducing ligaments stretching prior
to the formation of droplets, which at the end hinders the atomization
or increases the final droplet size (Mansour and Chigier, 1995),

To better understand the complex effects of fluid rheology on ato-
mization, Marmoltant and Villermaux (2004) successfully explained the
key fluid mechanical features of a spray. They show that by using a two-
fluid nozzle and working with a Newtonian liquid, the overall breakup
process can be described by a sequence of instabilities. The liquid jet
first experiences a high shear rate at its surface, induced by the sur-
rounding high-velocity flow of air. This leads to the generation of waves
on the jet surface. As the waves grow, the acceleration of the high-
velocity air elongates ligaments of the liquid into the air stream. These
stretched ligaments thin down in the neck region and ultimately detach
from the jet. After this, the detached ligaments fragment and stabilize
into smaller droplets.

The objective of this study was to spray dry concentrated fruit juices
by using fibres as a drying aid. Prior to the drying stage of the con-
centrated fruit juices, this study aimed to identify and prove the pos-
sible nozzle to be used during the drying stage. Identification of the
nozzle involved the understanding of the rheology of the fruit juice with
fibres, The understanding of the juice-fibre suspensions behaviour was
carried out prior to the atomization (Rozali et al., 2019). This paper
focuses on investigating the atomization performance of the juice-fibre
suspensions based on a two-fluid nozzle, Juice-fibre suspensions have
been shown to exhibit significant extensional resistance (Rozali et al.,
2019), hence, the two-fluid nozzle was chosen due to its ability to
supply high atomizing air velocity as a means to stretch the ligaments of
the fibre suspensions. Very few have tried to atomize viscoelastic li-
quids (Brenn et al., 2002; Hoyt et al., 1974; Thompson and Rothstein,
2007). These studies all used a pressure nozzle with a different con-
figuration such as a plain, flai-fan, hollow-cone and swirl type.
Keshavarz and co-workers (2015) wied to atomize a viscoelastic
polymer solution using a two-fluid nozzle. To the author's knowledge,
no studies have been carried out on the atomization of viscoelastic li-
quid based on a mixture of fruit juices and fibre.

2. Experimental
2.1. Test liquid construction

The commercial fibres used in this study were supplied by IMCD
New Zealand Limited (Auckland, New Zealand). Two different types of

fibres with different aspect ratio were used; Wheat Fibre 101 with an
aspect ratio of 2-3 and Wheat Fibre 600 with an aspect ratio of 8-10.
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Fig. 1. Shear behaviour of different 5 /100 g fibre suspensions as a function of
aspect ratios. (@) Wheat Fibre 101 with an aspect ratio of 2-3 () Wheat Fibre
600 with an aspect ratio of 8-10. The figure is reproduced from Kozali et al.
(2019).

Size analysis of the fibres has been explained thoroughly in previous
work (Rozali et al., 2019). The 5g/100g fibre suspensions were pre-
pared by mixing the fibre powders into 60 “Brix concentrated apple
juice, supplied by Cedenco Foods New Zealand Limited (Hastings, New
Zealand), at 20°C and continuously stirred until complete dispersion
was achieved.

2.2, Shear and extensional rheology of fibre suspensions

Shear and extensional rheology tests were carried out prior to the
atemization studies. A detailed explanation of the methods and findings
have been documented in previous work (Rozali et al., 2019). Shear
rheology tests were performed using a commercial rotary rheometer,
MCR 301 (Anton Paar GmbH, Graz, Austria). The 5g/100 g fibre sus-
pensions showed a shear thinning behaviour with a magnitude depen-
dent on the fibre aspect ratio. As shown in Fig. 1, the longer fibre
(higher aspect ratio) of the Wheat Fibre 600 suspension exhibited
greater viscosity compared to the shorter fibres of the Wheat Fibre 101
suspension.

Capillary tube viscometer was used (o obtain viscosity data at a
higher shear rate of more than 1000/s. Large, medium and small dia-
meter capillary tubes were operated in the range of shear rates 500/
s < 8V/D < 2000/s, 3000/s < 8V/D < 11000/s and 11000 < 8V/
D = 20000/s respectively, where D is the tube diameter (m) and V is
the average velocity inside the tube (m/s). The large, medium and small
tube diameters were 9.2 mm, 5.0 mm and 3.2 mm respectively. A dif-
ferential  pressure transmitter (Endress + Hauser, Reinach,
Switzerland) was used to obtain the pressure drop across two points on
each capillary tube, while a volumetric flow meter transmitter
(Endress + Hauser, Reinach, Switzerland) was used to obtain the vo-
lumetric flow rate. Details on the calculation of viscosity from the
pressure drop data can be found in Mansour and Chigier (1995).

Extensional rheology tests were performed using a portable capil-
Jary breakup extensional rheometer. This method is based on the ob-
servation of a thinning profile of filamentary structures. Using the
decay profile, precise measurements of fluid relaxation time can be
made for a quantitative study of the extensional rheology. When sub-
jected to an extensional flow field, the 5g/100g fibre suspensions
displayed a significant extensional resistance compared to the
Newtonian pure apple juice, As shown in Fig. 2, the thinning dynamic
of the apple juice followed a linear diameter profile. It means that after
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Fig. 2. Filament diameter profile of (—) apple juice (@) 5g/100 g Wheat Fibre

101 and (W) 5 g/100 g Wheat Fibre 600 suspensions. ‘The figure is reproduced

from Rozali et al. (2019).

applying an extensional deformation towards the apple juice, the fila-
ment reacted by directly thinning down and finally breaking up in a
short timescale. Meanwhile, 5g/100 g fibre suspensions displaved an
exponential profile with Wheat Fibre 600 breaking up later than Wheat
Fibre 101 suspensions, During the extensional deformation, the fibres
orientate, stretch and elongate inside the filament. This creates high
extensional resistance that resists the thinning process of the filament
and leads to the formation of a stable filament. This process then con-
tributes to the delay in the breakup of the filament. Similar to shear
resistance, longer fibres of Wheat Fibre 600 suspension induced greater
resistance towards the extensional deformation compared to Wheat
Fibre 101 suspension. For the same strength of extensional flow or
deformation, the longer fibre (higher aspect ratio) of Wheat Fibre 600
and its aggregates required more time to deform, unravel, stretch and
clongate before it reached the critical condition where the filaments
finally broke. This explains the longer relaxation phase and time of
Wheat Fibre 600 suspension compared to Wheat Fibre 101 suspension,
as shown in Fig. 2. A more detailed discussion is provided by Rozali
et al. (2019).

2.3, Atomisation

The two-fluid nozzle used in this study was of external-mix and
plain jet design from Spraying System New Zealand Limited (Auckland,
New Zealand). The di of the round liquid orifice (D) was
1.5 mm. The nozzle used had an annular air orifice of inner diameter
(D,) and outer diameter (13,) of 2.54 mm and 3.00 mm respectively. The
liquid flow was supplied by a gear pump and measured using a grad-
uated cylinder and stopwatch. The air flow rate was monitored using a
pressure regulator and a rotameter. Spray tests were conducted at room
temperature of 20 = 1°C and in atmospheric air.

The experiments were conducted at a liquid flow rate of 90 mL/min,
which produced a velocity of U, = 0.85 m/s inside the liquid orifice. The
liquid velocity was maintained constant while the atomizing air velo-
city was varied between 42 m/s and 240 m/s. Corresponding Reynolds
number of the liquid (Re;) was maintained at 6. Meanwhile, the Weber
number (We) was varied between 4.5 x 10* and 1.2 x 10°% The char-
acteristic shear viscosity used in calculating the Re, was chosen based
on the wall shear rate, y (1/5) experienced inside the liquid orifice. For
a non-Newtonian liquid with a power-law index, n, the shear rate is
given as in Eq. (3), where Q, (mL/min) is the liquid flow rate
(Fredrickson, 1964). The calculated shear viscosity based on the in-
stantaneous wall shear rate should only be taken as an approximation.
Based on Eq. (2), the shear rate inside the liquid orifice is calculated to

Journal of Food Enginecring 256 (20191 5360

be approximately 6000/s,
¥ = (3n + Un)(Qu/x(Dy/2P) (3)

Extension or strain rates inside the liquid orifice can be estimated
based on Eq. (4) (Lindstedr et al., 2005), where H is the orifice length
(m). Based on Eq. (1), the bulk strain rate inside the orifice is calculated
to be approximately 900/s.

So = 2(UL/H) 0

2.4. Flash photography

A high-intensity light source and a MS85K high-speed camera (Mega
Speed, Tennessee, U.S.) were used for imaging atomization behaviour.
A typical backlit setup was used, in which the spray was situated be-
tween the light source and a camera such that liquid droplets and li-
gaments appeared dark on a bright background. The high-intensity light
source with a short pulse duration (10 ns) was triggered using a PM
5712 pulse generator (Philips, Eindhoven, Netheriands) to illuminate
and freeze droplets in mid-flight.

2.5. Digital SLR (DSLR) photography

A 60 mm micro lens and SB-910 speedlight were attached o a Nikon
D90 camera. The DSLR was used to capture the image of a whole spray
for spray angle identification.

2.6. Droplet size analysis

Captured images from the flash photography were processed using a
MATLAB™ (2015b) image analysis through which the D-values of D (v,
10), D (v, 50) and D (v, 90) of the sprays were generated. The droplet
size results obtained from the MATLAB image analysis were compared
with the results generated by a Malvern Mastersizer S (Malvern
Instruments Ltd., Worcestershire, U.K.). The D-values are the intercepts
for 10%, 50% and 90% of the cumulative volume. For example, D
(v,10) is the diameter at which 10% of the sample's volume is com-
prised of droplets with a diameter less than this value. D (v,50) is de-
fined as the diameter where half of the sample's volume has droplets
with a diameter less than this value. Similarly, D (v,90) is the diameter
at which 90% of the sample’s volume contains droplets with a diameter
less than this value.

3. Results and discussion
3.1. Choice of a two-fluid nozzle

Using the commercial rotary rheometer, the maximum applied
shear rate was 1000/, as shown in previous work (Rozali et al., 2019).
However, it is believed that a shear rate higher than 100075 is expected
in the atomization process (Schroder et al., 2011). This means that for
the shear thinning fibre suspensions, the actual shear viscosity experi-
enced during atomization is far lower than can be predicted through the
rotary theometer. Hede et al. (2008) proposed an equation to calculate
the shear rate during atomization with an ption that mc
is transferred between the liquid feed and atomizing gas in the mixing
zone, and both leave the atomization zone at a constant average velo-
city, V. (Hede et al., 2008). V; is the velocity of the liquid feed within
the nozzle before the exit. Based on Eq. (5), at atomizing air velocity of
42m/s. the estimated shear rate during the atomization is ~ 25 000/s.

¥ =20V — VI)/D) (5)

At a very high shear rate encountered at the nozzle of more than
1000/s, the shear viscosity of 5g/100 g Wheat Fibre 101 and 5g/100 g
Wheat Fibre 600 suspensions were reduced. This is shown in Fig. 3
where the viscosity of the fibre suspensions was measured using a
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Fig. 3. Shear behaviour of different 5 g/100 g fibre suspensions as a function of
aspect ratios at much greater shear rate of more than 1000/5, (@) Wheat Fibre
101 with an aspect ratio of 2-3 (]} Wheat Fibre 600 with an aspect ratio of
8-10,

capillary viscometer. Due to pumping limitation, only data up to
20 000/s is shown in Fig. 3. Based on Fig. 3, the viscosity of each fibre
suspension can be said to approximately reach their own plateau lim-
itation at a shear rate above 20 000/s. Therefore, the shear thinning of
the fibre suspensions is al finished where inc ing the shear rate
above a certain value might not reduce the shear viscosity anymore.

Fig. 3 subtly shows that the use of a conventicnal pressure nozzle to
atomize fibre suspensions may not be efficient. The principal of the
pressure nozzle is the conversion of pressure energy within the liquid
into kinetic energy by applying high pumping pressure, However, as
shown in Fig. 3, increasing the pumping energy, thus the shear rates
after a certain point, may not result in any significant decrease in shear
viscosity. There is no point in pumping more because, at that point, the
shear viscosity may not be the dominant factor that resists atomization.

The rheology study shows that fibre suspensions exhibit extensional
resistance along with shear resistance. The two-fluid nozzle was chosen
due to its ability to supply high atomizing air velocity o stretch the
ligaments of the fibre suspensions and thus overcome the extensional
resistance.

3.2. Effect of shear rheology

Based on Fig. 4, the appearances of the atomization behaviour be-
tween 5g/100 g Wheat Fibre 101 and 5g/100 g Wheat Fibre 600 sus-
pensions were very similar. Both liquids displayed a rope-like ligament
pattern. Both types of fibre suspensions showed a pattern where the
liquid streams or ligaments remained intact and underwent erratic ex-
cursions away from the centreline. This behaviour of liquid breakup is
very similar to a Newtonian liquid breakup. Other than the similar
breakup pattern and behaviour, the appearance of both sprays was
marked by an extremely short jet breakup length. The images in Fig. 4
were taken at a position 10 mm below the nozzle which means that
both types of fibre suspensions achieved a breakup length of, at most,
10 mm. The spray angle of both liquids appeared full at approximately
40°, which indicates that a fully developed spray was produced by both
Wheat Fibre 101 and Wheat Fibre 600 suspensions. Fig. 5 shows the
image of the spray angle for 5 g/100 g Wheat Fibre 101. The spray was
captured using a DSLR camera.

If the fibre suspensions have negligible extensional resistance like
Newtonian liquids, increasing the atomizing air velocity will disin-
tegrate the ligaments by collapsing the ligaments into a multiplicity of
small droplets immediately downstream of the atomizer (Chigier and
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Farago, 1992). This is because high air velocity provides a greater shear
rate to the fibre suspensions. At that high-velocity high shear rate, the
shear viscosity of the fibre suspensions is low and allows the formation
of droplets immediately downstream from the atomizer. However, as
shown in the rheology study, the behaviour of the fibre suspensions is
also de 1 by e ional resi ¢. Hence, although the fibre
suspensions have low shear viscosity, the extensional resistance can
prevent the formation of complete atomization immediately down-
stream from the atomizer.

3.3. Effect of extensional rheology

Unlike the breakup pattern dominated by shear viscosity, as shown
in Fig. 4, the pattern with extensional resistance dominance is very
different. The latter usually incorporates a pattern where the liquid
stream is well-dispersed and does not remain intact. Based on Fig. 6,
increasing the atomizing air velocity to 150 m/s did not result in the
dispersion of ligaments into droplets right after the nozzle like in the
case of Newtonian liquid atomization. Instead, the 5g/100g Wheat
Fibre 101 and 5 g/100 g Wheat Fibre 600 suspensions which exhibited
significant extensional properties displayed a pattern of filamentary
structures, connecting successive droplets together, The presence of the
filaments prevented the pinch-off of droplets between each other. A
clear illustration of the situation is shown in Fig. 6 (a). Red circles in
Fig. 6 (a) highlight the droplets, while the yellow arrows point to the
pinch-off or necking region of a filament. Due to the significant ex-
tensional properties of fibre suspensions, as evidenced from the
rheology study, the elastic filament induced additional tensile stresses
in their cross-sections at the pinch-off that enhanced its stability against
capillary forces and, thus, inhibited breakup (Rozali et al., 2019). This
means that the breakup of the filaments was delayed and thus affected
the final droplet formation. This breakup pattern is very similar to
polymer solutions which also exhibit significant viscoelasticity (Chao
et al., 1984; Hoyt et al., 1974).

Unlike viscoelastic liquids, a Newtonian liquid breakup does not
show the presence of stretched filaments (Aliseda et al., 2008; Bailardi
et al.. 2010; Ochowiak et al., 2017). A Newtonian breakup also has a
high stretching rate at high atomizing air velecity. However, the
stretched ligaments thin down very quickly as a result of capillary force
and are not resisted by the extensional resistance. This is clearly por-
trayed by the difference in the filament thinning profile between pure
apple juice and fibre suspensions as shown in Fig. 2 (Rozali et al.,
2019}, While apple juice thinned linearly, the filament thinning of 58/
100 g Wheat Fibre 101 and 5g/100 g Wheat Fibre 600 suspensions
occurred exponentially. Consequently, the filament of fibre suspensions
broke up later compared to the apple juice. In other words, Newtonian
liquids will undergo filament thinning that breaks during the visco-
capillary regime, while 5g/100 g fibre suspensions break up during the
elasto-capillary regime (Rozali et al., 2019).

As shown in Fig. 6, the modification to the breakup pattern of vis-
coelastic liquid as compared to a Newtonian breakup occurred mainly
when the fluid element reached a large strain and rapid deformation
rate that was generated in the final breakup and pinch off stages. It is
believed that shear resistance controls the early breakup stage while
extensional resistance controls the final breakup stage. This can be
explained by referring to the basic mechanism of two-fluid atomization.
At first, the calm liquid jet was disturbed to create waves or instabilities
on the liquid surface. These waves and instabilities were not generated
through pulling or stretching of the thick liquid jet by the surrounding
atomizing air. Rather, the air sheared the outer jet surface which then
generated thin liquid elements. This is referred 1o as ligaments. Only
after this did the air act to pull or stretch the thin liquid elements
generated from the previous stage.

Based on Fig. 6, both 5g/100g Wheat Fibre 101 and 5g/100g
Wheat Fibre 600 suspensions showed a similar atomization pattern
where the droplets were connected to each other by filaments. The
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Fig, 4. Photographs of the breakup of {a & b) 5 g/100 g Wheat Fibre 101 (¢ & d) 5 2/100 g Wheat Fibre 600 suspensions at similar atomizing air velocity of 42 m/s.
Images were obtained at a position 10 mm below the nozzle. Ligaments are pointed out by white arrows.

Fig. 5. Approximate boundary of the spray is highlighted by the red line, The
spray angle is measured to be around 40°. (For interpretation of the references
to colour in this figure legend, the reader is referred 1o the Web version of this
article.)

filaments were seen to undergo a large stretching motion before they
broke up, resulting in long threads of liquid attached to droplets. A
white arrow in Fig. 6 (a) shows an example where the droplet at one
end was suggested to have pinched off from the filament. Increasing
atomizing air velocity, and thus extensional rates, was expected to
break the filaments faster compared to at 150 m/s. This is simply be-
cause the disruptive forces were increased while the stabilizing forces
remained the same, It is difficult to evaluate the efficiency of the ato-
mization based on the images of ligaments and filaments only. Fur-
thermore, the quality of the images was reduced at much higher

atomizing air velocity, The images are not shown here but a mere ob-
servation of the atomization images at a greater atomizing air velocity
of 195m/s indicated that more filaments had already broken up at a
position 10 mm below the nozzle. It means that more droplets were
pinched off from the filaments compared to in Fig. 6. Most of the
droplets have a similar appearance to the droplet with a white arrow in
Fig. 6 (a) where a droplet appears to have pinched off and broken from
the filamenL

To better understand the effect of extensional resistance on atomi-
zation, atomization images were captured at a position 50 mm below
the nozzle. This was carried out to see the effect of extensional re-
sistance on final droplet formation, Fig. 7 (a) shows the droplet for-
mation of 5 g/100 g Wheat Fibre 101. The image was converted into a
binary image, as in Fig. 7 (b), to ease the analysis for droplet size
measurements. Fig. 7 shows that the droplet formation of liquid with
extensional resistance was very different from Newtonian droplets,
Many previous works have shown the spherical and symmetrical dro-
plets of Newtonian liquids. In contrast, the atomization of fibre sus-
pensions which exhibit significant extensional properties results in the
formation of non-spherical and non-symmetrical droplets at a position
50 mm below the nozzle. Specifically, the droplets are characterised by
the presence of a bridge between them. The existence of bridges, un-
symmetrical droplets and non-spherical droplets are all the con-
sequence of a delay in the filament breakup at position 10 mm below
the nozzle,

Based on the Newtonian breakup, the detachment of ligaments from
the liquid jet is ultimately followed by the fragmentation of the liga-
ments into a cascade of droplets. Beyond that point, usually, the dro-
plets will be dispersed into smaller droplets due to the equilibrium ef-
fect of surface tension (Lefebvre, 1988). However, in the case of 5g/
100 g fibre suspensions, the delay in the breakup of filamentary struc-
tures shown in Fig. 6 that connected successive droplets or chunk of
ligaments together, prevented the fragmentation of the ligaments into
individual droplets. This later inhibited the stabilization of the droplets
inte equilibrium size and shape at a position far below the nozzle,
Droplets in Fig. 7 were characterised by the non-spherical shape and the
presence of bridges. This must be due to the insufficient time it took for
the droplets to reach the equilibrium condition because of the delay in
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Fig. 6. Photographs of the breakup of (a) 5 g/100 g Wheat Fibre 101 (b) 5 g/100 g Wheat Fibre 600 suspensions at similar atomizing air velocity of 150 m/s. Images

were obtained at a position 10 mm below the nozzle,

the filament breakup. It is also possible that the strain rates or dis-
ruptive forces applied were not sufficient to break the filaments at
position 10 mm below the nozzle and, as a result, some droplets at
position 50 mm below the nozzle were still connected by a bridge or
filament.

As mentioned earlier, increasing atomizing air velocity gave enough
or sufficient force to stretch and break the filaments as shown in Fig. 6.
The breakup of the filaments then resulted in a better droplet formation
at a position 50 mm below the nozzle. This is evidenced in Fig. 8. The
alomizing air velocity was increased to 195 m/s. Fig. 8 shows a more
spherical and symmetrical final droplets formation. The presence of
bridges between droplets due to the insufficient forces to stretch and
break the filaments beforchand was also reduced. The breakup of fila-
ments or pinch-off of droplets at a position 10 mm below the nozzle at
much higher atomizing air velocities provided sufficient time for all
droplets to stabilize into symmetrical spherical droplets. Large un-
symmetrical droplets were alse able to disintegrate and stabilize into
smaller droplets due to the surface tension effect.

3.4. Droplet size anolysis

Evaluating the ability of atomization te perform through a quali-
tative comparison of several captured images alone may be misleading,.
Hence, it is necessary to perform a droplet size analysis on both 5g/
100 g Wheat Fibre 101 and 5g/100g Wheat Fibre 600 suspensions.
MATLAB image analysis was performed on at least 1000 droplets at a
position 50 mm below the nozzle. The results are shown in Tables 1 and
2. The diameter of each droplet was calculated based on the measured
surface area of the particles, The results from the MATLAB were com-
pared with the results generated by Malvern Mastersizer based on

Passing-Bablok regression analysis. Passing-Bablok analysis is usually
used for method comparison studies (Passing and Bablok, 1983). A null
hypothesis was tested being that the relationship between two vari-
ables, which are the D-values generated by MATLAB and Malvern
Mastersizer, is linear. A p-value of more than 0.05 was obtained for all
D-values, as shown in Table 3, which indicates weak evidence against
the null hypothesis, hence we fail to reject the null hypothesis. In short,
it means a good correlation was obtained between the D-values gen-
erated by MATLAB image analysis and Malvern Mastersizer.

As seen in Fig. 9, increasing the atomizing air velocity from 150 m/s
to 240 m/s reduced the droplet sizes of both 5 g/100 g Wheat Fibre 101
and 5 g/100 g Wheat Fibre 600 suspensions. Increasing the air velocity
to 240 m/s provided greater strain rate and thus sufficient disruptive
forces to stretch and break filaments at a position 10 mm below the
nozzle. The breakup of the filaments and pinched-off of droplets right
after the nozzle led to the formation of more symmetrical spherical
droplets at a position 50 mm below the nozzle. In contrast, at 150 m/s
atomizing air velocity, most of the droplets were not pinched-off from
the filaments right after the nozzle, This later led to a breakup of fila-
ments and the presence of unbroken filaments, non-spherical and non-
symmelrical droplets at a position far below the nozzle. Consequently,
these resulted in bigger droplet sizes as measured by the Malvern
Mastersizer.

Based on Fig. 9, increasing the atomizing air velocity significantly
reduced the D (v, 90} and gave the least effect on D (v, 10). A less
significant reduction in D (v, 10) must be due to the atomization per-
formance reaching its limit where the surface tension pressure that
holds the spherical droplets and the aerodynamic pressure outside the
droplets are in equilibrium with the droplets internal pressure
(Lefebvre, 1988), The D (v,90) reduced considerably and significantly
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Fig. 7. Photograph of the droplets of 5 g/100 g WEF 101 at position 50 mm below the nozzle and at atomizing air velocity of 150 m/s. (a) Raw image (b) Binary image.
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Fig. 8. Photograph of the droplets of 5 27100 g WF 101 at position 50 mm below the nozzle and at atomizing air velocity of 195 m/s, () Raw image (b} Binary image.

Table 1

D-values of 5g/100 g Wheat Fibre 101 suspension generated by MATLAB and

Table 2

D-values of 5/100 g Wheat Fibre 600 suspension generated by MATLAB and

Malvern Mastersizer. Malvern Mastersizer,
Fibre suspensions Atomizing air D-values  Methods  Droplet sizes Fibre suspensions Atomizing air D-values  Methods  Droplet sizes
velocity (m/s) (um) velocity (m/s) (um)
5wi% Wheat Fibre 150 D{v,10) MATLAB 210 5wi% Wheat Fibre 150 D(v,10) MATLAB 305
101 Malvern 200 60D Malvern 215
Dv,50)  MATLAB 465 D{v,50) MATLAB 630
Malvern 450 Malvern 530
D{v,90) MATLAB 790 D(v,90) MATLAB 965
Malvem 740 Malvern 1265
19 D({v,10) MATLAB 165 195 D(v,10) MATLAE 195
Malvemn 160 Malvern 185
D (v,50) MATLAB 355 D(v,50) MATLAB 355
Malvern 390 Malvern 385
D{v,90)  MATLAB 620 Div90) MATLAB 645
Malvem 630 Malvern 690
215 D{v,10) MATLAB 150 215 D(v,10) MATLAB 155
Malvern 145 Malvern 160
D (v,50) MATLAB 265 D(v,50) MATLAB 280
Malvern 290 Malvern 310
D{v,90) MATLAB 400 D(v90) MATLAB 450
Malvern 420 Malvern 495
240 D{v,10) MATLAB 130 240 D(v,10) MATLAB 130
Malvern 110 Malvern 130
D (v,50) MATLAB 240 D(v,50) MATLAB 260
Malvern 200 Malvern 250
D {v,80) MATLAR 250 D{v90) MATLAB 340
Malvern 360 Malvern 390
compared to the D (v,10) due to the absence of large and connecting Table 3
droplets at miich grealer atomizing air velocity. In Summary, il ¢an be  pvalue based on the companson between Dvalues generated by MATLAB
said that the smaller droplets represented by D (v,10) were controlled image analysis and Malvern Mastersizer.
by the surface tension pressure limit. Meanwhile, the bigger droplets or Divakie D (,10) D (v.50) D (v.90)
D (v,90) were controlled by the atomizing air velocity.
Fig. 9 shows that the D-values of 5g/100g Wheat Fibre 101 sus- prvalue 0.699 0699 0.699

pension were lower than 5 g/100 g Wheat Fibre 600 suspension, espe-
cially at the lowest atomizing air velocity of 150 m/s. This is due to the
greater ional resi ‘e exhibited by the 5g/100g Wheat Fibre
600 suspension due to the longer fibres and higher aspect ratio (Rozali
et al., 2019). Increasing the atomizing air velocity reduced the differ-
ence between the D-values. Despite the difference in the droplet sizes
between 5g/100g Wheat Fibre 101 and 5g/100 g Wheat Fibre 600
suspensions, it is evident that the droplet sizes of viscoelastic liquids
were bigger than New liquids. This is in agr with previous
studies (Christanti and Walker, 2006; Mansour and Chigier, 1995; Mun
et al,, 1999). They show that the addition of viscoelasticity can lead to
significant changes in atomization performance, especially in the pro-
duction of bigger average droplet sizes of the sprays.

In atomizing viscoelastic liquids, greater disruptive forces are re-
quired. This is evident from the We used in this study. Previous authors
suggested a critical We of less than 100 (Derby, 2010; Hanson et al.,
1963; Wierzba, 1990), however, throughout this study, the minimum
We of 4.5 % 10" did not yield complete atomization, as shown in Fig. 4.

‘This is highly related to the parameter that is being considered as the
stabilizing force in generating the We equation, as shown in Eq. (2).
Based on Eq. (2), surface tension is regarded as the stabilizing force that
opposed atomization. However, this is only true for Newtonian liquids
as they exhibit insignificant extensional behaviour. In viscoelastic ato-
mization or fibre suspensions atomization, the extensional behaviour of
the liquid dominates the atomization resistance. A much greater dis-
ruptive foree is required 1o overcome the extensional resistance as
suggested by the We used in this study. Hence, it can be said that the
critical We reported by previous authors is true only for Newtonian li-
quids or water, Future works should attempt to generate an atomization
map that characterizes the performance of viscoelastic atomization.
This includes suggesting a new critical We. Further investigations in-
volving the prediction of actual shear and strain rates during atomi-
zation based on velocity data of filaments and droplets is also re-
commended.
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Fig. 9. Droplet size analysis based on droplets formation at position 50 mm below nozzle. The results were generated by Malvern M;
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o

velocity was supplied (a) 5g/100 g Wheat Fibre 101 (b) 52/100 g Wheat Fibre 600.

4. Concluding remarks

Visualization studies of the atomization performance of fibre sus-
pensions which exhibit both shear and extensional properties were
carried out. The shear rheology of fibre suspensions did not suggest any
significant difference in the atomization performance when compared
to Newtonian atomization. However, when the atomizing air velocity
was increased, the spray visualization showed that the extensional
rheology of the fibre suspensions significantly affected the atomization
behaviour, specifically at the final breakup stage. The final breakup
pattern of the fibre suspensions showed filamentary structures con-
necting successive droplets together. This pattern is absent in
Newtonian atomization. These filamentary structures contributed to the
formation of big droplet sizes of viscoelastic fibre suspensions. Droplet
size analysis showed that the final size of viscoelastic droplets was
highly dependent on the aspect ratio of fibres used but this effect was
reduced when much greater atomizing air velocity was applied during
the atomization.

This study shows that the atomization of fibre suspensions which
exhibit extensional properties can be achieved by using a two-fluid
nozzle at high air velocity. At these conditions, smaller spherical dro-
plets of fibre suspensions were produced that will assist the perfor-
mance of drying in the spray drying process later.
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ARTICLE INFO ABSTRACT

Keywords Atomization performances of juice-fibre which are N i ional liquids, inside a two-
DmPlEF sizes fluid nozzle were predicted lheoreur:ally by usmg two different relationships, in which one of the relationships
Extensional rheology does not incorp the gical properties in its prediction. A good correlation was obtained

Relaxation time
Two-fluid nozzle
Viscoelastic liquids

between the theoretical and experimental droplet sizes of fibre suspensions when the theoretical droplet sizes
were predicted by ¢ dering the ex 1 rheological property which is the relaxation time of the fibre
suq:ensmns This ﬁndmg confirms lha( the ion of fibre suspensi which the fibre suspensions exhibit
ex properties, are dominantly c lled by ional r e with minor effects of shear
ralstance and surface tension. It also implies that the relatwely hgger dro;let sizes of the fibre suspensions,
when pared to N ian droplets, were due to the of the susp with little
effect by shear viscosity and surface tension. The atomization performance was observed at elevated tempera-
tures ranging between 20 and 70 *C. By using a two-fluid nozzle at a low atomizing air velocity of 150 m/s, the D
(v 90) significantly reduced from >1000pm to 650 pm when the temperature was increased from 20 to 70 "C.
hile, at a high izing air velocity of 240 m/s, the D(v,90) can be said to remain constant between 350

and 400 pm.

1. Introduction

Nowadays most of the commercial and industrial relevance liquids
have complex behaviours which mean they are not simply following
Newtonian behaviour. These liquids are termed non-Newtonian liquids
and some non-Newtonian liquids exhibit viscoelastic properties in which
they contribute or exhibit both solid (Hooke’s law of elasticity) and
liquid (Newton’s law of viscosity) characteristics (Chhabra, 2006; Col-
lett et al,, 2015). An example of viscoelastic liquid which exhibits sig-
nificant extensional properties is a concentrated fruit juice containing
fibres as a drying aid, which is also called juice-fibre suspension (Rozali
et al., 2019b). The literature on extensional rheology is limited when
compared to shear rheology. As a result, the effect of the viscoelasticity
and extensional rheology on atomization performance is rarely
explored. A previous study by Rozali et al. (2019a) has explained in
depth about the atomization behaviour of fibre suspensions when using
a two-fluid nozzle, which it shows experimentally the atomization
pattern and droplet sizes of the fibre suspensions affected by the
extensional properties of the fibre suspensions.

* Corresponding author.
E-mail address: 5. Mohd-Rozali@massey.ac.nz (S.N.M, Rozali).

hups://doi.org/10.1016/j.jfoodeng.2019.109742

Atomization is the process of disrupting liquid sheets into droplets
due to disruptive and stabilizing forces. The disruptive forces include
kinetic energy, friction, gravity, interface shearing and pressure fluctu-
ation. Meanwhile, the cohesive forces include shear resistance, surface
tension of liquids and extensional resistance that stabilise the liquid jet
from breaking up. By identifying the forces involved, previous works
have developed different correlation equations in attempts to predict the
atomization performance, specifically the droplet sizes insidea two-fluid
nozzle (Aliseda et al., 2008; Masters, 1979; Rajan and Pandit, 2001;
Varga et al., 2003). However, as the importance of extensional rheology
in influencing the atomization of non-Newtonian liquids was not stud-
ied, all the models do not include the effect of extensional properties
such as the extensional viscosity or relaxation time of the liquids. The
current study is aimed to show the difference in the droplet sizes of fibre
suspensions theoretically predicted using two different theoretical
equations, those are proposed by Aliseda et al. (2008) and Keshavarz
et al. (2015). Aliseda et al. (2008) developed a theoretical equation to
predict the droplet sizes inside a two-fluid nozzle based on shear
rheology of a liquid and Keshavarz et al. (2015) extended the equation to
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include the properties of extensional rheology in their prediction. The
theoretical prediction of the droplet sizes of fibre suspensions was then
directly compared to the experimental results from Rozali et al. (2019a).
Eq. (1) shows the Newtonian equation developed by Aliseda et al. (2008)
while Eq. (2) shows the extended equation developed by Keshavarz et al.
(2015), which includes the effect of additional extensional resistance.
dve (pm) is the average droplet size, specifically D(n,50) for viscoelastic
liquids, D; (mm) is the jet diameter which is similar to the orifice
diameter, Uy (m/s) is the atomizing air velocity,  (mN/m) is the surface
tension and p is the density (kg/m”). We and Oh are the Weber number
and Ohnesorge number respectively based on the jet shearing, while
Deg, and Ohg, are the Deborah number and Ohnesorge number based on
the ligament stretching.
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By referring to Eq. (2), the first term on the right-hand side of the
equation represents the competing effect of shear viscosity and surface
tension on the average droplet size, first predicted by Aliseda et al.
(2008). That explains the calculation of Oh and We number based on the
jet diameter. The final overall form of Eq. (2) includes all of the
competing effects of shear viscosity, surface tension and elasticity on
overall mean droplet sizes as proposed by Keshavarz et al. (2015). The
second term on the right-hand side of Eq. (2) represents the effect of
extensional resistance in influencing the average droplet size. The
calculation of Ohg, and Deg, is based on the data extracted from capillary
breakup extensional rheometer. The extraction of extensional properties
data from capillary breakup extensional rheometer was explained in
depth in Rozali et al. (2019b). The Dey, equation contains the fluid
relaxation time which represents the extensional rheological property.

Industrially, spray drying of fruit juices usually proceeds at a tem-
perature greater than the room temperature (Brennan et al., 1971; Goula
et al., 2008; Mani et al., 2002). Specifically, the feed inlet is usually
preheated to temperatures as high as 80 °C (Mani et al., 2002; Verma
and Singh, 2015). Pre-heating the feed inlet to a temperature greater
than the room temperature before the spray drying process improves the
overall economic value of the spray drying process, as less energy needs
to be supplied in terms of the hot gas to dry the liquid into dry powder
and reduced shear viscosity to reduce pumping requirements. A study by
Shu et al. (2006) shows that increasing the feed inlet temperature from
35 to 55 °C resulted in a better atomization effect when spray drying
because it led to a lower shear viscosity of the feed. By increasing the
temperature of the juice-fibre suspensions prior to the atomization, this
study seeks to see if the atomization performance can be improved, or if
smaller droplet sizes can be produced by using a two-fluid nozzle.

Overall, the objective of this study was to experiment and analyse the
atomization performance of juice-fibre suspensions inside a two-fluid
nozzle. Rozali et al. (2019a) have previously explained the atomiza-
tion mechanism of the juice-fibre suspensions in depth. The current
study focused on the theoretical prediction of droplet sizes based on
shear, surface tension and extensional properties of the fibre suspensions
and the improvement to the atomization performance at higher feed
temperatures. The study done by Rozali et al. (2019a) serves as a
background or platform that thoroughly explained the atomization
mechanisms of the fibre suspensions, which these mechanisms assisted
and contributed in explaining the findings in the current study.

Journal of Food Engineering 269 (2020) 109742
2. Experimental
2.1. Test liquid construction

Commercial fibres used in this study consist of four types of insoluble
food fibres available in New Zealand. Apple Fibre 400-30, Wheat Fibre
101, Wheat Fibre 600 were supplied by IMCD New Zealand Limited
(Auckland, New Zealand) and Citrus Fibre was supplied by Hawkins
Watt (Auckland, New Zealand). These fibres were made up of different
aspect ratios; Apple Fibre 400-30 and Wheat Fibre 101 with aspect ratio
of 2-3 and Wheat Fibre 600 and Citrus Fibre with aspect ratio of 8-10.
Size analysis of the fibres has been explained thoroughly in previous
work (Rozali et al., 2019b). The 5g/100 g fibre suspensions (based on
wet basis) were prepared by mixing the fibre powders into 60 “Brix
concentrated apple juice, supplied by Cedenco Foods New Zealand
Limited (Hastings, New Zealand), at 20 °C and continuously stirred until
complete dispersion was achieved.

2.2. Rheology and surface tension of fibre suspensions

Shear rheology test was performed using a stress-controlled rheom-
eter, model MCR 301 (Anton Paar GmbH, Graz, Austria), equipped with
a coaxial cylinder. This MCR series rheometer was used in two different
modes. Rotational mode was set during the steady shear rheology test
while oscillatory mode was used to examine the small amplitude oscil-
latory shear properties. Cup and bob geometry were utilized throughout
the study. During the rotational mode, the shear rate was increased step-
by-step from 0 to 1000/s and the change of shear viscosity was observed
at the rate of 0.25 min/viscosity point. Shear viscosity measurements
were carried out at temperatures ranging between 20 and 40 °C. The
main purpose of conducting the oscillatory test was to obtain the linear
viscoelastic properties of the fibre suspensions. During the small
amplitude oscillatory test, the angular frequency was increased from
0.1 rad/s to 100 rad/s at a constant 0.1% strain. Oscillatory tests were
carried out at temperatures ranging between 20 and 70 °C and the
elastic modulus, G' was observed.

Surface tension measurement was performed using Wilhelmy plate
method that employed a commercial apparatus Kriiss K12 Tensiometer
(Kriiss GmbH, Hamburg, Germany). This method used a vertical plat-
inum plate. Surface tension measurements were performed at temper-
atures ranging between 20 and 70 °C.

2.3. Atomization

Two-fluid nozzle used in this study is of external-mix and plain jet
design from Spraying System New Zealand Limited (Auckland, New
Zealand). Diameter of the round liquid orifice (D,)of nozzle is 1.5 mm.
This nozzle has an annular air orifice of inner diameter (D) and outer
diameter (D) of 2.54 and 3.00 mm, respectively. Liquid flow was sup-
plied by a gear pump and measured using a graduated cylinder and
stopwatch. Air flow rate was monitored using a pressure regulator and a
rotameter. Spray tests were conducted at room temperature (20+1 °C)
using atmospheric air. Experiments were conducted at a liquid flow rate
of 90 mL/min, which produced a velocity of Up = 0.85 m/s inside the
liquid orifice. The liquid velocity was maintained constant while the
atomizing air velocity, U, was varied between 150 and 240 m/s.

Some of the tests required the atomization to occur at temperatures
greater than 20°C and up until a maximum of 70°C. A 5.0m long
heating tape was attached along the pipeline between the liquid tank
and the inlet of the two-fluid nozzle. The heating tape (HTS/Amptek Co.,
Texas, USA) and a temperature sensor were connected to a temperature
controller. The temperature sensor probe was inserted into the pipeline
near the two-fluid nozzle by making a hole so that the temperature
sensor can accurately measure the temperature of the liquid inside the
pipeline.
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2.4. Droplet size analysis

A Malvern Mastersizer (Model S, Malvern Instruments Limited,
Malvern, Worcestershire, UK) unit was used throughout the experiments
when the feed temperature was increased above the room temperature.
The spray was positioned so that the laser beam was directed through
the centre of the spray at a longitudinal axis of approximately 50 mm
below the nozzle. D(v,10), D(v,50), D(v,90) and droplet size distribution
were generated for each atomization run. The D-values are the in-
tercepts for 10%, 50% and 90% of the cumulative volume. Specifically,
D(v,10) is the diameter at which 10% of the sample’'s volume is
comprised of droplets with a diameter less than this value. D(v,50) is
defined as the diameter where half of the sample’s volume has droplets
with a diameter less than this value. Similarly, D(v,90) is the diameter at
which 90% of the sample’s volume contains droplets with a diameter
less than this value.

2.5. Spraying into liquid nitrogen

To see the actual droplets of the fibre suspensions after the atomi-
zation without drying the droplets, the fibre suspensions were sprayed
into liquid nitrogen to freeze the droplets. Liquid nitrogen was filled in a
chilly bin and the spraying was directed into the bin. The frozen droplets
were then picked up and put on glass slides. The glass slides used for the
microscope observation were first frost inside a container filled with dry
ice. The frozen droplets were then examined under a microscope
(Olympus, Japan) equipped with a temperature-controlled mechanism.
Specifically, the microscope area, which was the area where the droplets

(a) AF 400-30
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were put for observation, can be lowered to —20 °C by using liquid ni-
trogen. Dry ice was also scattered on the microscope area. All these acts
were carried out to keep the temperature as low as possible to prevent
the frozen droplets from melting once put under the microscope.

3. Results and discussion
3.1. Theoretical prediction of droplet sizes in a two-fluid nozzle

During atomization, the enhanced resistance of the fibre suspensions
to stretching coming from the extensional properties of the fibre sus-
pensions which plays a key role in controlling the dynamics of the
filament breakup (Rozali et al., 2019a). Based on the experimental work
done by Rozali et al. (2019a), the atomization pattern of the fibre sus-
pensions showed filamentary structures connecting successive droplets
together and this pattern was absent in Newtonian atomization. Fig. 1
shows the examples of how the additional extensional resistance led to
the appearance of elongated filaments connecting successive droplets to
each other. These filamentary structures, in the end, contributed to the
formation of big droplet sizes of viscoelastic fibre suspensions when
compared to the Newtonian droplet sizes. Droplet size analysis showed
that the final size of the viscoelastic droplets was highly dependent on
the aspect ratio of fibres used but this effect was reduced when much
greater atomizing air velocity was applied during the atomization
(Rozali et al.,, 2019a). Overall, Rozali et al. (2019a) concluded that
during the atomization of viscoelastic fibre suspensions, the extensional
behaviour of the liquid dominates the atomization resistance, with
minimum effect by shear viscosity and surface tension.

Fig. 1. Photographs of the breakup of 5g/100 g fibre
suspensions at an atomizing air velocity of 150m/s.
(a) Apple Fibre 400-30 (b) Wheat Fibre 101 (c) Wheat
Fibre 600 and (d) Citrus Fibre. Images were captured
at a position 10mm below the nozzle exit. Red circles
highlight the droplets, while the yellow arrows point
to the pinch-off or necking region of a filament. Some
of the images are reproduced from Rozali et al.
(2019a). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

(c) WF 600

(d) atrus fibre
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Keshavarz et al. (2015) developed a theoretical equation to explore
the effect of viscoelasticity on the average droplet size during the
two-fluid atomization. Specifically, the equation relates the effect of
liquid relaxation time, r (De ber in Eq. (2) cc the r par ter)
to the average droplet diameter, dvg. Relaxation time, 7 is one of the
extensional properties of fibre suspensions that has been discussed in
depth in Rozali et al. (2019b). Fig. 2 shows the theoretically predicted
average droplet sizes, dyy or D(n,50), based on the Keshavarz et al.
(2015) equation for 5g/100 g Apple Fibre 400-30, Wheat Fibre 101,
Wheat Fibre 600 and Citrus Fibre suspensions obtained via non-linear
regression of Eq. (2). ¢ in Eq. (2) is a single fitting constant and the
values are 2.02, 2.73, 4.38 and 4.10 for 5g/100 g fibre suspension of
Apple Fibre 400-30, Wheat Fibre 101, Wheat Fibre 600 and Citrus Fibre,
respectively. As shown in Fig. 2, for all types of fibre suspensions, good
correlations were obtained between the experimental and theoretical
values of droplet sizes. A maximum of 12.0% deviation of experimental
value from the theoretical value was obtained and corresponds to the D
(n,50) of 5g/100 g Wheat Fibre 600 suspension at 150 m/s. Other than
that, most of the deviations vary between 2 and 7%. Some of the
experimental values from Fig. 2 were taken from Rozali et al. (2019a),
except that D(n) values were used instead of D(v) values. D(v) is based
on the total volume of droplets in the spray while D(n) is based on the
total number of droplets in the spray. As shown in Fig. 2, increasing the
atomizing air velocity reduced the droplet size of the fibre suspensions.
This has been shown experimentally in Rozali et al. (2019a). Besides
that, based on Fig. 2, the high aspect ratio of the fibre suspensions made
of 5g/100 g WF 600 and Citrus Fibre exhibited greater average droplet
size compared to the low aspect ratio fibre suspensions made of
58/100 g AF 400-30 and WF 101.

The good correlations between the experimental values and the
predicted values of droplet size in Fig. 2 prove the atomization of fibre
suspensions was dominated by the extensional properties of the fibre
suspensions, with the shear properties and surface tension only having
minor roles. This demonstrates the importance of incorporating the
extensional properties during the atomization of fibre suspensions or
other complex non-Newtonian liquids, especially if the atomization
performances or droplet sizes are forecasted theoretically without
experimental observation. The consequence of excluding the extensional
resistance and thus relying on the shear resistance and surface tension as
the sole sources of stabilizing forces is discussed in Fig. 3.
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Fig. 3 shows the theoretical mean droplet size of 5 g/100 g Wheat
Fibre 600 suspension when predicted using a correlation generated by
Aliseda et al. (2008), which it does not include the extensional proper-
ties. Excluding the extensional resistance means that during the pre-
diction of droplet size, only shear resistance and surface tension are
considered. In Aliseda et al. (2008) correlation, only shear viscosity and
surface tension parameters exist, while extensional rheology parameter
(such as relaxation time, Deborah number De or extensional viscosity) is
absent. As shown in Fig. 3, the mean droplet sizes of the 5 /100 g Wheat
Fibre 600 suspension predicted using Aliseda et al. (2008) correlation
were very different from the experimental observations. Droplet sizes of
5g/100 g Apple Fibre 400-30, Wheat Fibre 101 and Citrus Fibre sus-
pensions predicted using Aliseda et al. (2008) equation are not shown in
Fig. 3 because the values were very similar to the predicted values
shown by the 5g/100g Wheat Fibre 600 fibre suspension. This is
because, using Aliseda et al. (2008) correlation, it implies that only
shear viscosity and surface tension affect the atomization performance
or the droplet sizes. The shear viscosity of the different 5g/100 g fibre
suspensions were all very similar at all atomizing air velocities. This is
due to the very high shear rates of greater than 20 000/s were achieved
at all the atomizing air velocities, and the shear viscosities of the
different aspect ratio fibre suspensions were all relatively similar at that
high shear rates (Rozali et al., 2019a). For the 5 g/100 g Wheat Fibre
600 suspension shown in Fig. 3, the predicted droplet sizes based on
Aliseda et al. (2008) relationship were very small, ranging between 10
and 30 pm, whereas, the mean droplet sizes from the experimental
observation were very large exceeding 100 pm at all atomizing air ve-
locities. This indicates the use of simple Newtonian correlations, such as
Aliseda et al. (2008) equation, is not accurate and reliable in predicting
the atomization performance of non-Newtonian fibre suspensions. It
also implies that the relatively bigger dmplet sizes of the fibre suspen-
sions were probably due to the e ional r e of the susp
with little effect by shear viscosity and surface tension. The predicted
droplet size of the Newtonian concentrated apple juice based on the
Aliseda et al. (2008) relationship yielded a good and better correlation
to the experimental observation compared to the non-Newtonian

200 4

Droplet size, D(n,50) (pm)
g

100 150 200 250 300
Air velocity (m/s)
Fig. 3. Relationships between the mean droplet sizes obtained experimentally

and predicted theoretically based on Keshavarz et al. (2015) and Aliseda et al.
(2008] relationships. («) Droplet size of concentrated apple juice obtained

Fig. 2. Relationships between the droplet sizes lly and
predicted theoretically based on Keshavarz et al. (2015), Eq. (2] () 5g/100g
Apple Fibre 400-30, ([J) 5 2/100 g Wheat Fibre 101, ({}) 5g/100g Wheat Fibre
600 and ( x ) 5g/100 g Citrus Fibre suspensions are the average droplet size of
fibre suspensions obtained experimentally, while the theoretical prediction for
each fibre suspension is represented by the full line.

lly, (—) th ical droplet size of concentrated apple juice based

on Ahseda et al (2008), ({) droplet size of 5g/100 g Wheat Fibre 600 sus-

peri lly, (----) theoretical droplet size of 5g/100g

Wheal Fibre 600 suspension based on Aliseda et al. (2008) and (—) theoretical

droplet size of 5g/100g Wheat Fibre 600 suspension based on Keshavarz et al.
(2015) equation.
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viscoelastic fibre suspension,

3.2 Improving the atomization performance of the two-fluid nozzle by
increasing the feed temperature

Atomization of fibre suspensions has shown to yield bigger droplets
compared to the atomization of simple Newtonian liquids. The Newto-
nian fluid (apple juice) atomization usually produced droplets with an
average size, D(v) of less than 150 pm (Aliseda et al., 2008; Buckner and
Sojka, 1991) while the atomization of fibre suspensions produced
droplets ranging between 200 and 250 pmat a high atomizing air ve-
locity of 240m/s. This section attempts to change or modify the
parameter involved to improve the atomization performance of the fibre
suspensions. Improving the atomization performance means producing
smaller droplets to prepare for the drying stage inside a spray dryer.

The atomization of 5 g/100 g Wheat Fibre 600 suspension was per-
formed by varying the temperature of the fibre suspension between 20
and 70°C. The atomization of the fibre suspension at greater inlet
temperatures was evaluated using the Malvern Mastersizer. As shown in
Fig. 4(a), increasing the inlet temperature from 20 to 70°C produced
smaller droplet sizes especially regarding D(v,50) and D(v,90). At an
atomizing air velocity of 150 m/s, increasing the inlet temperature
reduced the D(v,90) from more than 1000 um to around 650 pm while
the D(v,50) reduced from approximately 550 pm to around 390 pm. In
contrast, D(v,10) underwent insignificant changes. The effect of the inlet
temperature on atomization performance was investigated at greater
atomizing air velocities. As shown in Fig. 4(b), increasing the inlet
temperature from 20 to 70°C at an atomizing air velocity of 195 m/s
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significantly reduced the D(v,90), although the reduction is less
compared to at 150 m/s atomizing air velocity. Meanwhile, the D(v,50)
and D(v,10) seem to undergo very minor reduction compared to the D
(v,90). When the atomizing air velocity was further increased to 215 m/s
and 240 m/s, the D(v,90) underwent an insignificant reduction, this was
similar to the D(v,50) and D(v,10). This can be seen in Fig. 4(c-d).
Overall, it means increasing the inlet temperature did not reduce the D
(v,10) at all atomizing air velocities and slightly reduced the D(v,50).
Whereas, in case of the D(v,90), increasing the inlet temperature
considerably reduced the droplet sizes at the lowest atomizing air ve-
locity of 150 m/s. At atomizing air velocities beyond 195 m/s, less or no
significant reduction was observed for all the D-values. This is highly
suspected to be due to the individual effect of shear rheology, surface
tension and extensional rheology when the temperature of the feed was
increased. Based on Fig. 5 and Fig. 6, the surface tension and shear
viscosity of the 5g/100g Wheat Fibre 600 suspension, respectively,
significantly reduced when the temperature was increased. Meanwhile,
the viscoelasticity of 5 /100 g Wheat Fibre 600 suspension, represented
by the elastic modulus (G') in Fig. 7, insignificantly reduced when the
temperature was increased. It is possible to say that the G' generally
decreased as the temperature was increased from 20 to 70 °C, but the
reduction was insignificant or very weak. The G’ can be said to be fairly
constant between 20 and 70 °C. G’ represents the solid-like behaviour
contributed by the fibres. Weak temperature-dependence of G’ indicates
that the fibres were not significantly thermally activated within the
range tested; 20 and 70 “C. Thus, when the temperature was increased to
70 °C, while the fibre-solvent interactions became weaker, thus lowering
the shear viscosity, the fibre-fibre interactions stayed the same. ANOVA
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Fig. 4. The D-values against the increasing feed temperature of the 5 g/100 g Wheat Fibre 600 suspension at an atomizing air velocity of (a) 150 m/s, (b) 195 m/s, (¢)
215 m/s and (d) 240 m/s. The D-values shown were obtained using the Malvern Mastersizer method. (@) D(v,10), (4) D(v,50) and (W) D(v,90).
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Fig. 5. Surface tension of 5 g/100 g Wheat Fibre 600 suspension as a function of temperature.
. differences between the G’ as the temperature was increased. The result
shows that the p-value was more than 0.05, which means that the G’ at
08 4 different temperatures were all equal, thus the effect of temperature on
G’ was insignificant. The previous study by Chindam et al. (2014)
0.6 showed the indistinct trend of the G’ of microfibres film as the temper-
04 ature was increased at least to 70 °C. Other studies by Pothan et al.
7 (2003) and Moberg etal. (2016) reported that the G’ of banana fibre and
%‘ 02 4 cellulose nanofibrils composites insignificantly decreased when the
2 temperature was increased to 60-70°C. Overall, while the shear
2z 04 rheology of fibre suspensions was strongly affected by temperature, the
= N dependence of extensional rheology and viscoelasticity of fibre sus-
02 pensions on temperature was relatively weak, at least within the tem-
04 perature range of 20-70°C. Atomization performance is hugely
influenced by the shear and extensional resistance. This indicates that as
0.6 - the temperature increases, the energic requirements of atomization may
become dominated by the extensional resistance, as the shear resistance
08 : B
315 32 325 33 135 34 345 at increasing temperatures decreases.

1000/T (1/K)
Fig. 6. Arrhenius plot of the viscosity versus 1/T for 5g/100 g Wheat Fibre
600 suspension.
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Fig. 7. The effect of temperature on the elastic modulus, G’ of 5g/100 g Wheat
Fibre 600 suspension.

tests were performed to check whether there are any significant

At the lowest atomizing air velocity of 150 m/s, the effect of surface
tension and shear viscosity still existed, along with the extensional vis-
cosity. Increasing the inlet temperature allowed the jet to be disrupted
and sheared better or more intensely as the surface tension and espe-
cially the shear viscosity, were reduced. Besides that, increasing the inlet
temperature of the fibre suspensions yielded a better breakup due to
shearing of the liquid jet at a much lower shear viscosity. This then
proceeded with the stretching of the ligaments into droplets. This means,
at the lowest atomizing air velocity of 150 m/s, the reductions of the
surface tension and shear viscosity at elevated temperatures affect the
overall performance of the fibre suspension atomization. However, at
much greater atomizing air velocity of more than 150 m/s, the effect of
shear viscosity on atomization performance was minimal which means
the atomization was dominated by the extensional resistance. Exten-
sional resistance insignificantly reduced with increasing temperature, as
represented by the viscoelasticity or the G". This explains the insignifi-
cant reduction in droplet sizes when the atomization proceeded at
greater inlet feed temperatures.

Another explanation can be gained by comparing the competing
effect of temperature and atomizing air velocity. Increasing the inlet
temperature and atomizing air velocity both change the conditions of
atomization. Increasing the atomizing air velocity provides greater
disruptive forces during the atomization and increasing the inlet tem-
perature lessens the stabilizing forces during the atomization. At
atomizing air velocity of 150 m/s, both the temperature and atomizing
air velocity significantly influenced the atomization performance
(droplet size distribution). However, at an atomizing air velocity of
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195m/s and beyond, it is suggested that the rate of disruption due to
very high velocity of air exceeded the rate of reduction in the stabilizing
forces, and thus the atomizing air velocity dominated and controlled the
whole atomization performance, Lowering the stabilizing forces gave no
significant effect on the atomization performance. It means that the
extensional resistance and viscoelasticity of the fibre suspensions that
negatively impact the drop size and produced a wider distribution when
compared to other Newtonian liquids, were overwhelmed and affected
by the high atomizing air velocity but not the high temperature. As
shown in Fig. 8(a), at an atomizing air velocity of 150 m/s, increasing
the inlet temperature from 40 to 70 °C shifted the drop size distribution
to smaller droplet sizes and produced a narrower distribution. In
contrast, at a greater atomizing air velocity of 240 m/s, increasing the
inlet temperature did not significantly change the drop size distribution
when compared to the change that occurred at 150 m/s atomizing air
velocity.

Figs. 4 and 8 suggest that the atomization of viscoelastic fibre sus-
pensions at 150 m/s atomizing air velocity should undertake at a higher
inlet temperature as this approach resulted in smaller droplet sizes and
thus better atomization. In contrast, the atomization of the viscoelastic
fibre suspensions at 195 m/s atomizing air velocity and beyond, does not
necessarily need to occur at high temperatures as there were insignifi-
cant changes in the droplet sizes and atomization performances.
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3.3. Morphology of frozen droplets as a representative of dried powders

Atomization of fibre suspensions from a liquid into droplets will be
followed by the drying into a powder. Although the drying of the
droplets was not of interest in the current study, however, it is important
to prove that the fibres can act as a drying aid during the drying inside a
spray dryer, Drying of concentrated apple juice without drying aid
produces a sticky powder. At first, it was unknown how the fibres placed
themselves after the atomization, either they accumulate inside the
droplets or they are sticking out from the droplets, It is also essential to
demonstrate the fibres are not separated from the droplets during the
atomization, Complete separation of the fibres from the droplets means
that the fibres will not be effective in assisting the drying of the sticky
apple juice droplets. Most importantly, in the case of atomization, the
separation could result in a bimodal or multimodal drop size or particle
size distribution. This is because the size distribution of the fibres and
size distribution of the droplets could possibly establish bimodal dis-
tribution with two different peaks. In this analysis, the visualization of
the actual droplets supports the no separation hypothesis. The frozen
droplets were produced by spraying the fibre suspension into liquid
nitrogen,

Fig. 9 shows the frozen droplets of 5 g/100 g Wheat Fibre 600 sus-
pension when atomization occurred at 195 m/s atomizing air velocity,

Fig. 8. The change in the drop size distributions of
the 5 g/100 g Wheat Fibre 600 suspension when the
feed temperature was increased from 40 to 70°C, (a)
At an atomizing air velocity of 150m/s and (b) at an
atomizing air velocity of 240 m/s. () At an inlet
temperature of 40°C, (ess=) at an inlet temperature of
70°C and (red bar) reduction that occurred when
subtracting the distribution curve at 70°C with the
curve at 40 °C, (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article,)

(a) Increasing the temperature from 40 °C to 70 °C at a constant atomizing air velocity
of 150 m/s.
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(b) Increasing the temperature from 40 °C to 70 °C at a constant atomizing air velocity

of 240 m/s.
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Most of the droplets had a spherical shape. First observation on Fig. 9
reveals that the droplets all stick together. This is expected since during
the spraying into the liquid nitrogen, the droplets freeze rapidly to ice,
and when two or more ice spheres meet each other, they stick due to the
adhesion effect of the ice (Ryzhkin and Petrenko, 1997).

Fig. 10 shows the images of the frozen droplets at a higher magni-
fication. The fibres appear to be enclosed in the droplets. The images
suggest there was no separation during the atomization of fibre
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suspensions using a two-fluid nozzle at high atomizing air velocity. This
indicates that the two-fluid nozzle is reliable in producing droplets with
the fibres remaining enclosed in the drops, the fibres can assist the
drying of the wet droplets and normal drop size distributions were
attained during the atomization.

As shown in Fig. 10, there were air bubbles trapped inside the
droplets. These air bubbles most likely caused by dissolved air in the
solution. Other than the air bubbles, some of the frozen droplets in

Fig. 9. Frozen droplets of 5 g/100g Wheat Fibre 600 suspension stick together
after the spraying of the fibre suspension into a container filled with liquid
nitrogen. The images correspond to 4 x magnification.

Fig. 10. Zoomed-in images of the frozen droplets of 5 g/100 g Wheat Fibre 600
suspension showing the fibres inside the frozen droplets. Fibres are pointed out
by the white arrows. The images correspond to 10 x magnification.
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Figs. 9 and 10 appear bigger with the size exceeding 800 pm and a
maximum of 1000 pm. Based on the experimental results of the exact
similar fibre suspension explained in the previous study when using
MATLAB and Malvern Mastersizer methods, the D(v,90) of 5g/100 g
Wheat Fibre 600 suspension at atomizing air velocity of 195 m/s was
approximately 700 pm (Rozali et al., 2019a). The relatively big frost
droplets resulted from spraying into the liquid nitrogen may be due to
the coalescence of droplets. When two or more drops float or levitate on
the surface of liquid nitrogen, the drops first do not interact, but they
move closer to each other. When the curvatures of liquid nitrogen under
the drops meet each other, drop coalescence occurs (Kim et al., 2011).
Drop coalescences of the 5g/100 g Wheat Fibre 600 suspension could
possibly result in the bigger drop sizes compared to the results by
MATLAB and Malvern Mastersizer methods. The spraying into the liquid
nitrogen proceeded for 10s, Thus, it is also possible that during the
spraying into the liquid nitrogen, the later sprayed liquid drop met with
the prior sprayed liquid drop that had already turned into a solid ice
sphere. The liquid drop then surrounded the solid ice sphere and a
spherically concentric liquid shell was formed around the solid ice
sphere, This contributed to the bigger final drop size,

4. Concluding remarks

Atomization performances of fibre suspensions were theoretically
predicted by using two different relationships, one of which excludes the
effect of extensional property of the fibre suspensions. The results show
that the predicted droplet sizes of fibre suspensions were very different
from the experimental droplet sizes when extensional property called
relaxation time was ignored, Perfect correlations were obtained between
the predicted and experimental droplet sizes when the relaxation time
was incorporated during the theoretical prediction of droplet size.
Overall, this finding strengthens the conclusion made from the previous
study by Rozali et al. (2019a) that the atomization performance of
non-Newtonian liquid with significant extensional rheology such as
fibre suspensions, is highly affected by the extensional resistance with
minor roles by shear viscosity and surface tension.

This study further shows that the atomization performance of the
fibre suspensions that was controlled and dominated by extensional
resistance was not significantly changed when the feed temperature was
increased. This is a novel finding as previous studies mostly show the
significant reduction in droplet sizes or a better atomization perfor-
mance when the feed temperature was increased, where all of these
studies only dealt with shear viscosity and surface tension as the
dominant resistance during the atomization.

Overall, this study shows valuable insights into the atomization
performance of fibre suspensions which are categorized as non-
Newtonian viscoelastic liquids.
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