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S source term
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5 root mean square roughness (um)
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Abstract of the Dissertation

Fundamental Understanding of Removal of Water from a Moist
Porous Medium in the Absence and Presence of Ultrasound
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Research Co-Advisor: Dr. Burt S. Tilley

In energy-hungry industry sectors such as papermaking, food processing, chemicals, or
pharmaceuticals, the main challenge is to improve the energy efficiency of the process. For
example, in the fabrication of paper, a slurry with cellulose fibers and other matter is drained,
pressed, and dried. The latter step requires a considerable energy consumption. Therefore,
improving the current drying technologies as well as developing novel and more efficient drying
technologies is essential in the related industries. In the structure of wet paper, there are two
different types of water: free water and associated/bound water. Free water can be easily removed.
However, removing bound water consumes a large amount of energy during the process. Bound
water is mainly defined as the water inside the nanopores of the product. The intermediate region,
i.e., the transition from free water removal to bound water removal, is not studied in the literature.
One of the main goals of this dissertation is to improve the energy efficiency of the current drying
technologies and understand the dominant mechanisms in paper drying. Study of the bound water
removal is out of the scope of this research. The focus is on the intermediate stage of drying, where
the remaining free water is either present on the surfaces of the fibers in the form of a liquid film
or the water is trapped inside the cellulose fibers. For this purpose, first the physics of removing a

thin liquid film trapped between fibers in the paper drying process is explored. In this conjugate
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heat transfer problem, the film is assumed to be incompressible, viscous, and subject to
evaporation, thermo-capillarity, and surface tension. By using a volume of fluid (VOF) model, the
effect of above-mentioned parameters on drying behavior of the thin film is investigated. Second,
a single cellulose fiber is considered, heated from its outer surface with the water removed from
the two open ends of the fiber. The effect of different parameters on the removal of the trapped
water is studied. These parameters encompass applied heat flux, water properties (including
surface tension), fiber surface properties, geometry, and the dimensions of a given fiber in micro-
sale. The governing transport equations, along with the corresponding boundary conditions are
solved numerically using VOF method. Using the temperature measurements, the heat flux in the
dynamic three-phase vapor/water/fiber contact line is studied. The effect of impurities and
Marangoni flows on evaporation is discussed. The results of this research provide fundamental
understanding of water removal at the intermediate stage of paper drying.

To help with innovation and electrification of drying/dehydration processes, another main goal of
this dissertation is to develop an innovative drying technology that improves the energy efficiency
and product quality, significantly in high energy industry sectors such as papermaking. The current
drying technique in the papermaking industry is contact drying, which depends on the conductive
and/or convective heat transfer. In this study, for the first time, a systematic study is conducted
using an innovative technology for paper drying by applying ultrasound mechanism, both direct-
contact and non-contact (airborne). Specially, for airborne ultrasound, there are limited
information available in the literature. The advantages of ultrasonic drying include greater energy
efficiency, lower time and temperature of drying, improvement of the product quality, and it is
considered a green and sustainable technology. Hence, fundamental understanding as well as
applied analysis are required to help reduce the energy consumption and carbon footprint. For the
direct-contact ultrasonic drying, the effects of initial moisture content, final thickness, and refining
condition of the pulp are studied for two different types of pulps (hardwood and softwood) using
23 factorial design of experiments. The results of Analysis of Variance (ANOVA) show that in the
range of the studied parameters in this research, thickness has the maximum effect on the ultrasonic
drying time followed by the initial moisture content. In addition, using a linear regression model,
two relationships for the total time of drying and the area under the drying curve as functions of

the studied factors are provided. The results confirmed that ultrasonic drying is more efficient at
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higher moisture contents and higher thickness of the sample. These results are related to the
structural characteristics of the samples such as porosity, pore distribution, and surface roughness.
Therefore, microscopic images of the surfaces are studied, and the quality of the ultrasonically
dried papers is measured using colorimeter analysis and tensile test measurements. For the airborne
ultrasonic drying, three controlling factors are considered in the experiments including the initial
moisture content, basis weight, and refining condition. The outcome of the experiments is
compared to the results for direct-contact ultrasonic drying of paper. The results confirm that
similar to direct-contact, for airborne ultrasonic drying, the basis weight/thickness of the sample
is the most important factor in ultrasonic drying and it is followed by the effect of initial moisture
content. Using linear regression model, two correlations for predicting the total time of airborne
ultrasonic drying and the area under the drying curve are provided. Quality of the dried samples
are evaluated, and the permeability measurements confirmed the effect of pore characteristics on
ultrasonic drying. The analysis for energy consumption reveals that ultrasonic drying is more

efficient at higher moisture contents.

To fundamentally understand the physics behind ultrasonic drying, for the first-time ultrasonic
atomization of a liquid layer and the mechanism of droplet formation is numerically studied in
great details, both in direct-contact and airborne setups. The effect of different controlling
parameters and thermophysical properties of the fluid (including frequency, liquid height, surface
tension, viscosity, density, and gravity) on the onset amplitude for direct-contact ultrasonic
atomization and mean droplet size are investigated. A correlation for predicting the mean droplet
size as a function of non-dimensional numbers (including Reynolds number, Weber number,
Froude number or the non-dimensional amplitude, and Strouhal number) is provided. Furthermore,
the mechanism of ultrasonic atomization for a direct-contact setup is compared to an airborne
setup. This dissertation provides a complete package about the potentials of ultrasonic drying, both
direct-contact and non-contact mechanisms and gives insights on the methods of improving the
process and reducing carbon footprint. In addition, it sheds light on the physics of ultrasonic
atomization and optimizing the design of ultrasonic atomizers in terms of cost and efficiency for

different applications.
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Chapter 1: Introduction

In this chapter, the background and motivations of this research are discussed. The objectives are
defined based on the needs of the related industry and for the purpose of (1) to fundamentally
understand removal of water at the final stages of drying to improve the current technology and
(2) to develop novel non-thermal drying technologies with the goal of increasing the energy
efficiency in drying processes and decreasing the carbon footprint.

Drying, defined as water removal from a moist medium, is one of the most energy intensive
processes in industrial applications and it plays an important role in global economy. Drying is an
essential operation in industries such as chemical, food, agricultural, pulp and papermaking,
polymer, ceramics, wood, and mineral processing. Based on the data in Table 1, industrial drying
consumes approximately 12% of the total end-use energy used in manufacturing, corresponding
to 1.2 quads annually [1]. The forest products industry sector is among the highest energy
consuming industry sectors, mainly after the chemicals.

Table 1. Estimated energy use in common industrial processes [1].

X Typical Estimated (2010)
Process heating e PO 2
- Description/example applications temperature range | U.S. energy use

operation (F) (TBtu)
Fluid heating, boiling, | Distillation, reforming, cracking, hydrotreating; G =

ST i ; A 150-1000 3,015
and distillation chemicals production, food preparation
Drying Water and organic compound removal 200-700° m
Metz?l SEelbeine Ore smelting, steelmaking, and other metals production | 800-3000° 968
melting
Calcining Lime calcining 1500-2000° 395
Metal heat treating X 7 . [
and reheating Hardening, annealing, tempering 200-2500 203
Non-metal melting Glass, ceramics, and inorganics manufacturing 1500-3000° 199
Curing and forming Polymer production, molding, extrusion 300-2500° 109
Coking Cokemaking for iron and steel production 700-2000° 88
Other Prghe:}tmg; catalysns,.thermal oxidation, incineration, 200-3000° 1,049

softening, and warming

Total 7,204
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In papermaking, cellulose fibers are extracted from fibrous raw materials and then converted to
pulp [2]. The fibers are normally a mixture of softwood and hardwood fibers with some other
fibers such as straw, bamboo, cotton, and chemical fibers blended in with the wood fibers [3].
Then pulp is mixed with water and is placed on the papermaking machine. In papermaking process,
the major sections include forming section, press section, and dryer section. In fact, after the
drainage of the water by gravity and the applied suction, additional water is removed by
mechanical pressure through a series of presses. Most of the remaining water is then evaporated
in the dryer section. Removing the water from the wet web to the final moisture content (6-7%) is
a critical step of papermaking process and most of the functional properties of paper are developed

in this section [4].

As one of the most important components in papermaking, the dryer section has a great impact on
the overall energy consumption. Although only 1% of original water is removed in the dryer
section, it is still the most expensive and energy intensive unit in papermaking process [5]. The
dryer section costs 40% of total capital cost and consumes more than 60% of total energy used in
the paper machine [5]. Thus, any improvement in paper drying process may have a significant
impact on the energy consumption at the global level. However, an in-depth understanding of
transport phenomena within a paper sheet during drying is needed to improve the current drying
processes or to develop new innovative technologies. In this research, to fundamentally understand
the current drying technologies and the impact of different conditions on drying time, two

numerical simulation models are developed which will be discussed in Chapters 2 and 3.

According to Mujumdar [6], energy consumption in drying ranges from less than 5% for chemical
processes industries to 35% for the papermaking operations. The current drying technologies are
mostly dependent on conduction and convection thermal heating. As reported by the US
Department of Energy [1], 0.5 quads/year of total energy in drying processes (1.2 quad/year) can
be saved by applying non-thermal drying technologies (Table 2). This could save the industrial
drying about $16B/year. Therefore, it is crucial to develop sustainable and efficient drying
technologies to decrease the industrial energy consumption and carbon footprint. In the last few
decades, specific attention has been paid to progression of hybrid drying technologies such as
ultrasonic drying [7], microwave drying [8], electrohydrodynamic drying [9 and 10], infrared

drying [11], plasma drying [12], and pulsed vacuum drying [13], mostly in combination with
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heating. As one of the novel low-temperature drying technologies, ultrasonic drying, is explored
in this research and its potentials for energy savings and electrification are studied. Ultrasonic
drying will be investigated as two mechanisms: direct-contact and non-contact (airborne). Chapter
4 will discuss direct-contact ultrasonic drying of paper and chapter 5 will be devoted to airborne
ultrasonic drying of paper. In addition, to fundamentally understand the physics behind ultrasonic
drying and ultrasonic atomization, a sophisticated numerical model will be developed and

discussed in great details in chapter 6.

Table 2. Estimated energy savings by new technologies [1].

R&D oppo App 0 = = S O,) e . =
Oppo Oppo O
. O

Advanced.non-thermal water removal T 500 35
technologies i
“Super boilers” (to produce steam with
high efficiency, high reliability, and Steam production 350 20
low footprint)
Waste heat recovery systems Crosscutting 260 25
Hybrid distillation Distillation 240 20
New catalysts and reaction processes
(to improve yields of conversion Catalysis and conversion | 200 15
processes)
Lower-energy, high-temperature
material processing Crosscutting 150 10
(e.g., microwave heating)
Adv@ced high-temperature x‘naterlals Cugascitting 150 10
for high-temperature processing
Net-shape and near-net-shape design g xealling .forg.mg,

: additive manufacturing, 140 10
and manufacturing

and powder metallurgy

Integrated manufacturing Crosscutting 130 10
control systems
Total 2,210 155

In the following sections, an introduction for the chapters in this study is provided.

1.1 Transition Region in Paper Drying Curve

A drying process is characterized by its drying curve, which presents the overall moisture content

as a function of time. Typical drying curves reveal three different stages, as shown in Figure 1.
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Figure 1. Typical drying Kinetics plots: drying curve (left side) and drying rate curve (right side) [14].

The first stage (A) corresponds to a short transient heating. The second stage (B) is marked by a
constant drying rate. In the third drying stage (C), the drying rate decreases. The first stage is called
“warm-up” period. For paper drying, in the second stage, the majority of the moisture is removed
from the paper. While, the third stage displays a significantly lower drying rate, resulting in a
longer drying time and larger energy consumption [15]. The moisture within the paper can be
classified based on which stage of the drying process the water is removed. In the second stage,
free water or the water interstitial to the fibers is removed. Removing this water is comparatively
easy and most effective. In the third stage, the water removal consists mainly of associated water
(also known as bound water) which includes moisture where capillary forces need to be overcome,
along with water that remains bound to the hydrophilic fibers [4, 16]. Removing associated water
involves a large amount of energy. The transition between constant rate zone and falling rate zone
occurs at a critical moisture content [17]. Topgaard and Soderman in 2002 [18] conducted nuclear
magnetic resonance spectroscopy (NMR) experiments on slow drying for hydrated cellulose fiber
samples and concluded that the sequence of the water removal for kraft pulp fiber is: (1) bulk
water, (2) water in pores in micrometer scale, and (3) water in nanometer size pores. In fact, there
is not an agreement about the definition of the bound water [19]. Bound water displays abnormal
properties; its vapor pressure is lowered, the dynamic behavior is perturbed and the solution
properties are varied [20]. The water bound within the fiber wall has a depressed freezing point

compared to that of bulk water due to its location in the small pores within the walls. However,
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not all the bound water is able to freeze and a layer of two or three molecules thick in direct contact
with the fiber wall does not freeze, even at temperatures well below 0 °C. Therefore, bound water
is divided to two types of bound freezing water and bound non-freezing water [21]. According to
Park [22], water molecules can interact with cellulose fibers in at least three different ways. First,
the water molecules bind to the hydrophilic surfaces through hydrogen bonds. Second, the water
is trapped in the cell wall and the small pores. Third, the water molecules that can be absorbed into
the fiber walls. Correspondingly, drying the cellulose fibers requires energy both for evaporating
the water and also for overcoming the interactions between the cellulose fibers and water.
Although there have been many efforts to study bound water transport properties, the chemical
states between bound water and the cellulose fiber remains an open question during the drying
process. Some of the experimental methods used for this purpose include weighing[23], X-ray
computer tomography [24], neutron radiography [25], and NMR images [26-28]. Park et al. [29]
categorized different types of water as “easy-to-remove’ and ‘hard-to- remove”. Easy-to-remove
water is defined as the true free water whereas hard-to-remove water is the water trapped in the
fiber network and all bound water. It was proposed that when the internal diffusion of water to the
exposed surface is not fast enough to keep the surface moist, the rate of drying falls. At this point,
the drying rate is controlled by the internal diffusion [30]. This transition highly depends on the

fiber characteristics including the type, size, and fiber wall thickness.

The predominant method of paper drying is contact drying, which depends on the conductive heat
transfer between the moist paper and the surface of heated drums as well as the air that surrounds
them. Heat and mass transfer are two mechanisms that are associated in paper drying. The heat
transfer aspect of drying is related to the transition of heat through the dryer shell to the wet paper.
The removal of the evaporated water vapor from the sheet into the air is related to the mass transfer
aspect of paper drying. Therefore, both heat and mass transfer must be considered in the operation

of drying section [4].

For drying of tissue paper, a Yankee dryer is the common technology. A Yankee dryer is a pressure
vessel with a diameter up to 6 m. In tissue production, only one Yankee dryer is needed. A non-
compressive technique for drying tissue is called through air drying (TAD). In TAD, hot air flows

through the paper or tissue and evaporates and removes the moisture trapped between the fibers
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inside the paper. Determining drying rate curves for TAD, mainly started by Polat et al. [31] in
1992. Chen [32] and Chen and Douglas [33] studied the combination of impingement drying and
TAD on the drying rate curve for various grammage, temperatures, and air flow rates. Weineisen
[34] studied TAD both experimentally and numerically and concluded that air temperature and
pressure drop have significant effects on drying rate curves. Their modeling work showed that the
onset of the drying curve depends significantly on the pore size distribution. The effect of fabric
structure on TAD is studied by Forughi et al. [35].

The majority of the dry mass in a paper sheet is made of fibers, and, depending on the source, they
have different shapes and sizes. Fibers from softwood trees are about 3 mm in length, and the
width is in the range of 20-35 um. While fibers from hardwood trees are typically about 1 mm in
length and the width is not as thick. In addition, other factors such as age of the tree, the
environment, the season in which the fiber grows, the presence of shade, etc., may have some
effects on the properties of the fibers [36]. In papermaking industries, the fibers determine the
quality and the properties of the paper [37] such as mechanical strength, opacity, surface
smoothness, density, and porosity. Furthermore, different grades of paper have different blends of
fiber types. Different fibers with varying properties can show numerous drying behaviors, which
can influence the drying process and related energy efficiency. Various experimental methods such
as nuclear magnetic resonance pulsed filed gradient (NMR PFG) [38] differential scanning
calorimetry [30], and high-resolution thermogravimetry [39] have been used to study the drying
behavior inside cellulose fibers. However, understanding and exploring the impact of different
fiber characteristics on water removal from inside the fibers using experimental methods is very
challenging and looking at one single fiber is almost impossible. Although the study of evaporation
of water in a single fiber is related to paper drying, the information can be extended to evaporation
in a microtube. Microtubes have different applications including in the design of micro-
combustors, micro-thrusters, and microturbines. Many studies have been reported the evaporation
and heat transfer characteristics in microtubes such as [40-42] and the references in them. The
smallest diameter of the tube in these studies is about 0.1 mm and the applied heat flux varies from
400 W/m? - 300 kW/m?. In most of these studies, the temperature of the liquid at the interface is
high enough that boiling occurs. However, in drying of paper fibers, evaporation only occurs at

the liquid/gas interface at temperatures lower than boiling point of water.
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Stenstrom [43] provided a comprehensive review of research on drying of paper carried out mainly

within the past two decades.
1.2 Ultrasonic Drying

As it was mentioned above, one of the most recent developed technologies for drying purposes
that has attracted attention in the last few decades is ultrasonic drying. Drying using ultrasound
mechanism is not a new idea and to the best of the author’s knowledge, Burger and Sollner [44]

were the first to consider removal of water from wet quartz sands using ultrasonic drying, in 1936.

Ultrasound is defined as the acoustic waves with the frequencies higher than the upper limit of the
human hearing range, usually around 16 - 20 kHz. These ultrasonic waves can be classified based
on their frequency and power. Waves with 20 - 100 kHz frequencies are defined as “low frequency
ultrasound” or “power ultrasound”. The power level for these frequencies is usually high and in
the range of a few tens of Watts. Ultrasound waves with frequencies higher than 1 MHz are called
“low power ultrasound”. The power for this ultrasound is usually less than 10 W. The intermediate
range 100 kHz — 1 MHz is “high frequency ultrasound” [45]. Figure 2 shows typical use of

ultrasound according to frequency and power.
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Figure 2. Utilization of ultrasound according to frequency and power [45].
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Vibrations in the range of ultrasonic wave frequencies have the excellent characteristic of
transporting the energy to a great distance in the liquid phase without great dissipation. Ultrasonic
waves have chemical and mechanical effects [46] and experiments have shown that ultrasound
vibrations represent the effects such as acoustic streaming, thermal effects, cavitation, and
atomization (nebulization), as shown in Figure 3. The effects of ultrasound depend on many
factors, including specific drying condition, the nature of the material to be dried and the ultrasonic
equipment; and the mechanism may vary significantly [47]. For instance, Peng et al. [48] reported
that at high moisture contents, ultrasound induces acoustic nebulization and below a given initial

moisture content, ultrasound tends to just generate heat.
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Figure 3. Four effects resulting from ultrasound propagation in a liquid [45].

Many studies have been devoted to the application of ultrasound assisted drying in three different
ways: pretreatment, direct-contact, and airborne (non-contact). In ultrasonic pretreatment, the
materials get immersed in an ultrasonic bath prior to drying to reduce the drying time [49]. Direct-
contact ultrasonic drying requires the material to be in direct contact with the vibrating structure
and it uses high-frequency ultrasound waves which can be higher than 1 MHz. According to

Gallego-Juarez et al. [50], direct-contact ultrasound efficiently enhances the sound energy transfer
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from the transducer to the materials. This technology most recently was used for fabric drying [51]
by the researchers at Oak Ridge National lab. For non-contact or airborne ultrasonic drying, the
ultrasonic waves travel to the material through air, and it uses high-power waves that are in the
range of 20-100 kHz. Ultrasonic drying has different applications including food conservation
industries [52-57] and fabric drying [58 and 59]. Ultrasonic drying has widely shown effectiveness
on enhancing the drying processes including freeze-drying, hot air drying, vacuum drying, and
fluidized bed drying. This mechanism has potentials in decreasing the drying time, enhancing the
energy efficiency, and preserving the quality of the dried product [47]. Specifically, in the
beginning of the new century, researchers have become more interested in investigating this drying
technology [60-62].

The dominant mechanism in ultrasonic drying of porous media is inducing atomization.
Atomization helps in mechanically removing of the moisture content in the form of mist,
separating water from the porous material without thermal evaporation and thus, largely saving
time and decreasing the energy consumption. Momen et al [51] reported significant impacts of the
atomization on reducing drying time from hours to seconds and reducing energy consumption of
the unit by an order of magnitude. Atomization helps in enabling high energy transfer efficiency
from the transducer to the materials. On the other hand, the disadvantages of acoustic atomization
are inducing thermal effects and requiring the presence of an important amount of bulk liquid,
which limit the application of this drying technology [47]. More information about ultrasonic
drying can be found in the review paper by Zhang and Abatzoglou [47].

Fairbanks [63] compared two cases of drying of wet coal particles: (1) in direct contact with the
vibrating surface and (2) using non-contact ultrasound. It appeared that the effectiveness of
ultrasonic drying was much higher in the direct-contact ultrasonic drying. Another observed
difference between these two drying cases was that the effect of heating in direct-contact ultrasonic
drying is much higher than non-contact ultrasonic drying. Tao et al. [64] compared airborne
ultrasonic drying and contact ultrasonic drying to intensify air drying of blackberries and they
reported that in the presence of ultrasound, the drying process was accelerated, the energy
consumption was reduced and retention of organic acids in blackberries was enhanced. Zhang and
Abatzoglou [47] stated two challenges related to direct-contact ultrasonic drying: First, the heating

effect may not be desirable in terms of the quality of the dried products. Second, since the product
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must be in direct contact with the transducer, this technology is not easily adaptable to the current
convective dryers. Hence, in this regard, non-contact ultrasonic drying is the most ideal in terms
of adaptation to the conveyer dryers. However, these technologies have not been employed for
paper drying and no systematic research can be found in the literature, studying the effect of

different parameters on drying rate and energy efficiency.
1.3 Ultrasonic Atomization

Ultrasonic atomizers use high-frequency vibrations produced by piezoelectric transducers to create
fine liquid droplets. As it was mentioned above, the propagation of ultrasonic waves into a liquid
results in a series of complex effects including acoustic streaming, heating, acoustic cavitation,
and atomization, to name a few. These effects help in enhancement of both external and internal
transport phenomena. Among these phenomena, acoustic atomization, also known as nebulization,
is the production of fine mist from the liquid surface with a narrow droplet size distribution. This
phenomenon was first reported by Wood and Loomis [65] in 1927 for liquids such as benzene,
water, and heavy transformer oil. Compared to the conventional nozzles that use a high shear to
atomize liquid, ultrasonic atomization has the advantage of producing smaller droplet size (in the
range of micrometer to tens of micrometer), narrower size distribution, simplicity of equipment,
and controllable atomization rate [66]. Ultrasonic atomization is widely used in many industrial
applications such as combustion of fuels [67], porous media drying [68], spray drying [69], spray
cooling [70], intensifying the microencapsulation process [71], in humidifiers, and for miniature

carriers in pharmaceutical applications [72].

There are two proposed hypotheses for the mechanisms of droplet formation during ultrasonic
atomization [48 and 67]: cavitation hypothesis and capillary wave hypothesis. According to
capillary wave hypothesis, that was first proposed by Lang [73] in 1962, in a vertically vibrating
liquid film, ultrasound generates capillary waves at the liquid-gas interface, and at certain
oscillation intensities, the interface becomes unstable, which then atomizes the liquid to form a
fine mist. On the other hand, acoustic cavitation hypothesis, that was first suggested by Sollner
[74] in 1936, refers to the acoustic bubbles induced by ultrasound, which only occurs in liquid
medium. According to this theory, atomization happens through the hydraulic shocks generated

by the implosion of cavitation bubbles, especially near the interface of liquid and gas. Perron [75]
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reported that large vibrational amplitudes can cause cavitation due to the agglomeration of the
bubbles. According to Zhang and Abatzoglou [47], the threshold of sound intensity for appearance
of cavitation bubbles is very high and there is no evidence to show the existence of cavitation in
ultrasonic dehydration. Therefore, at onset amplitude for atomization, it is unlikely to have

cavitation.

Capillary wave theory became of great interest in the middle of 20" century. The capillary surface
waves studies are derived from Faraday’s instability, which was proposed in 1831 [76]. According
to Faraday’s instability, the unstable capillary waves are formed at the gas/liquid interface and the
collapse of these unstable waves leads to formation of small droplets. Strutt and Rayleigh [77]
proposed a correlation between the capillary wavelength, frequency, and liquid/air surface tension.
They used this correlation to determine the surface tension of a liquid from the observed surface
capillary wavelength. Kelvin derived an equation between the capillary wavelength (1) and wave

frequency (f”) and their relationship to the working liquid properties as follows [73]:

2o yi/3 (1-1)
puf'?
where ¢ is surface tension and p is density of liquid. Faraday [76] empirically observed that the

2=

capillary surface wave’s frequency is half of the exciting frequency (f) for low frequency ranges
and argued that the behavior was much like the oscillation of a pendulum. Therefore, capillary
wavelength can be calculated as:

8191173 (1-2)
puf?

Qi etal. [78] used scanning laser Doppler vibrometer and high-speed flow visualization to measure

A=(

the capillary wave frequency and capture the interfacial destabilization process for surface acoustic
wave (also known as SAW) atomization at 10-40 MHz frequency. The authors reported that the
frequency of the vibrations for the capillary waves at interface is much smaller than half of the
exciting frequency and it is in the same order of magnitude as the capillary viscous resonance
frequency, which is contrary to the subharmonic half-excitation frequency relationship. This
behavior has not been explored in lower range of MHz (1 - 2 MHz) frequencies in the literature.
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Benjamin and Ursell in 1954 [79] presented the linear stability of Faraday waves for inviscid fluids
and their study was followed for viscous fluids by Kumar and Tuckerman [80]. The non-linear
dynamics of Faraday waves have been studied analytically by many researches such as [81 and
82]. Most analytical analysis such as [83] assumed that the droplets are formed periodically from
the crests of an orderly pattern of standing capillary waves, with a wavelength that can be related
to the frequency by stability analysis. However, after formation of droplets, the orderliness of the
capillary wave pattern is lost and the ejection of droplets becomes very random [84]. Several
researchers have experimentally investigated the ejection of droplets due to vertical vibrations [84-
89] at different range of frequencies. Yule and Suleimani [84] investigated the water droplet
formation by using high-speed imaging techniques and a low frequency vibrating film at 300 Hz.
The authors claimed that high frequency atomizers can show the same behavior as the low
frequency and therefore, their observations can be extended for high frequency vibrations.
Recently, Zhang et al. [87] employed laser diffraction and Particle Image Velocimetry (PIV) to
investigate the droplet size distribution during ultrasonic atomization for water, glycerol, and
sodium dodecyl sulfate at 36 kHz. Tsai et al. [90] studied the atomization from a water droplet at
1 MHz frequency and monitored the brightness of the water droplet during atomization. They
related the brightness of the water droplet to the onset threshold for droplet ejection. However,
they were not able to see the details of the Faraday waves on the surface of the droplet. Despite
the advancements of the technologies, there are practical limitations on camera speed in capturing
the details especially at high frequency ultrasonic cases. The most important evidence generated
from contemporary photographic study is clear sequences of still photos showing the detachment
of droplets from the tips of surface waves [91]. In addition, not only the ejections are fast that high
frame rates are required to capture the motion of the droplet, but also due to the motion of the
ejected droplet, it can go out of the field of view during atomization [78]. This is especially more
challenging at high frequency ultrasonic atomization because even at modest frequencies, the
length and time scales are extremely short. Hence, computational fluid dynamics (CFD) has
become an essential tool in understanding the phenomena at microscales. Ehrhorn and Semke [91]
developed a numerical simulation for modeling the Faraday instabilities on the free surface of
water induced by vibrations at 300 Hz. The results of their numerical modeling were qualitatively

in agreement with the available experimental results in the literature. Song et al. [92] studied the
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capillary surface wave onset amplitude under a vertical sinusoidal oscillation in a horizontal water
tank. The frequency was 500 kHz and the vibrational wavelength was 19.3 pm. The liquid height
and the tank width were set as six times and thirty times larger than the vibrational wavelength,
respectively. In their Finite Element simulation, the tank was filled with water, and they found that
the critical vibrational amplitude is 0.38 um, in which the formation of the Faraday waves was
noticeable. However, in their study, they did not consider the instabilities and the motions at the

interface of the two-phase problem or neither studied droplet ejection.

Apart from understanding the mechanism of ultrasonic atomization, control of the droplet’s size
characterization is very crucial in obtaining a product with the desired quality. Lang [73] was the
first to claim that the droplet size is directly proportional to capillary wavelength and a correlation

for approximating the mean diameter of the ejected droplets (D) was proposed as follows:

8710')1/3 (1-3)
puf?
The constant in this equation was experimentally obtained via an experiment, in which a molten

D = 0.341 = 0.34(

liquid wax was atomized at 10 - 800 kHz frequencies and the generated droplets were rapidly
cooled in air. The size of the solid particles was then measured. Although, this correlation considers
the effect of surface tension, density, and frequency on the droplet size, the effect of viscosity is
not included in this equation, which is contrary to the experimental observations. Further, Rajan
and Pandit [93] by introducing the non-dimensional numbers, proposed a correlation for droplet
size and added the amplitude of ultrasonic vibration (A) and viscosity of the liquid (x). This

equation is given as follows:
o

puf?

where Nwe is the Weber number (the ratio of aerodynamic forces to surface tension forces), Non is

22 70.166 p =0. 1-4
D = ()31 + ANGZNGION;0777 (1-4)

the Ohnesorge number (the ratio of the internal liquid viscosity to surface forces), and Nin is the

Intensity number (based on ultrasound intensity). These numbers are defined as follow:

1-5
Ny, = fgpl (1-5)
__H (1-6)

Non = fA%p,
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Where Q is volumetric flow rate of liquid and c is velocity of sound in liquid.

Other authors [85-88, 94] have applied this use of non-dimensional numbers and developed
additional correlations for various ranges of controlling parameters. Table 3 represents a summary

of these correlations.

Table 3. Summary of the developed correlations in the literature for predicting the droplet sizes in ultrasonic
atomization. Except Lang’s model, the other correlations are for atomization from a nozzle.

Reference Correlation Range of variables R?
Lang, 1962 [73] D= 0.34(2%)”3 = ,10_. SO0 KLz
synthetic or paraffin wax
7=54kHz
Rajan and Pandit, 2001 [93] D= (%)"-33 [1 + 0.1NgG2 NG o Ny, 0277 A4=2.02-3.78 pm
0=2.16-27.6 10 m’/s
f=20and 40 kHz
Avvaru et al., 2006 [86] D= (%)0-33 + 0.0013N2BE NP4 N 328 0=1.04-7.5 x107 m¥/s
1= 0.01-0.66 N.s/m?
f=20kHz
Barba et al.. 2009 [94] b= 0-053(%)0'3BNL?};SINghIQZNI_nO'DZ alinate solution (1. 2 and 3% w/w) 0.91
0=0.1-0.6 mm?/s
7=20-130 kHz

0=05-5%107 /s
p=912-1151 kg/m?
= 0.029-0.073 N/'m 0.91
1= 0.00089-0.088 N.s/m?
I'=15907-913752.9 W/m?
=36 Hz
( g 1033 1 00026 NZI124N ;00173 N0 54 p=900.3-1223 kg/m? 0.85
of? o=0.011-0.07275 N/m
4=0.001-0.030 N.s/m?

ma
Ramisetty et al., 2013 [85] D= 0.00154(F)0'33[1 + NS NG LN, 0033

e
Zhang et al., 2021 [87] D=(—

These correlations are developed for the case of nozzles that the liquid enters the ultrasonic
atomizer at a known flow rate and consequently, they are not valid for droplets generated from a
liquid film on top of an ultrasonic vibrator. These correlations are also mostly obtained for a single
frequency and therefore, the effect of frequency on ultrasonic atomization has not been well
established. In addition, the studied frequencies are in the low ultrasound frequencies range (less
than 150 kHz), which may not be applicable at high frequencies. Furthermore, the effect of liquid

height is not considered in these studies. CFD simulation as a powerful tool, enables us to
42



investigate the effect of different parameters on the droplet size as well as capturing details that
are impossible or difficult to capture in the experiments. These details include breakup of the
generated droplets to form secondary droplets or collision of the droplets. According to Chen and
Yang [95], the droplet collisions have four different categories: bouncing, coalescence, separation,
and shattering. In the case that the relative velocity of the two droplets is not sufficient to overcome
the resistance of the thin gas film between the impact surfaces, bouncing occurs. The reversed
motion caused by the recovery of deformed shapes drives the droplets apart. When two droplets
contact and permanently merge into a single droplet, coalescence occurs. If the merging is
temporary followed by the formation of liquid ligaments, separation happens and as a result the
droplet eventually breaks into two or more droplets. In a condition that the two droplets collide at
high speed and a thin liquid film is formed by the impact of the droplets, shattering occurs, and
small droplets emerge from the sheet boundary. Observing these events in the experiments requires

high-speed camera with high resolutions and hence, is not elucidated clearly yet.

1.4 Motivations and Objectives

The United Nation adopted the 17 Sustainable Development Goals (SDGs) by 2030 as a universal
call including “industry, innovation, and infrastructure”, as well as “responsible consumption and
production” [96]. The motivations for this thesis come from the fact that drying of porous media
such as paper consumes a large amount of energy in industrial manufacturing. Improving the
current technologies or developing more innovative and energy efficient techniques is very
essential to decrease the energy consumption. This research has the goal of contributing to the
reduction of energy consumption and greenhouse gas emissions, putting humanity on a path to a

more sustainable and green future.
The following main objectives for this project are established to achieve the above goal:

1- To fundamentally describe the physics of the drying process in the intermediate stage, from
free water toward bound water, where the remaining free water is present on the exterior
surfaces of fibers in the form of a liquid film (Chapter 2).

2- To investigate the effect of controlling parameters on removal of water trapped inside a

single cellulose fiber (Chapter 3).
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3- To develop direct-contact ultrasonic drying mechanism for porous media including paper
drying and investigate the structural characteristics and quality of the ultrasonically dried
samples (Chapter 4).

4- To conduct experiments for porous medium drying with airborne ultrasound mechanism to
reduce the energy consumption in the drying process and to explore the potentials of this
technology (Chapter 5).

5- To develop a numerical model for simulating ultrasonic atomization and to search the
possibilities of improving ultrasonic drying process and optimizing ultrasonic atomizers
(Chapter 6).

Regardless of a large volume of theoretical and numerical works conducted in the field (e.g., see
[97 and 98]), there is still no clear basic understanding of removal of water at the final stages of
drying process, as the transition region from free water removal toward bound water removal.
Thus, chapters 2 and 3 of this research are devoted to fundamentally understand the dominant
mechanisms and transport phenomena in the transition region in paper drying curve. In Chapter 2,
the main objective is to fundamentally describe the physics of water removal, where the remaining
free water is present on the exterior surfaces of fibers as a liquid film. For this purpose, a

multiphysics numerical model will be developed using VOF method.

Chapter 3 is assigned to study of removal of water trapped inside a single cellulose fiber in micro-
scale. Numerical simulation techniques are employed to investigate the effect of different
characteristics of fiber on removal of water and provide new insights on this matter. Softwood
cells are closed at each end and the radial face of each cell is perforated with many tiny openings
(pits). However, hardwood cells are open at the ends and are free of pits on the transverse walls.
The study of water removal from pits in nano-scale is out of the scope of this research due to high
values of Knudsen number, which implies that continuum does not apply. Thus, this study is
considering the drying behavior of water trapped inside hardwood fibers under different

conditions.

To the best of the author’s knowledge, ultrasonic drying has not been used for paper drying.
Chapter 4 provides an in-depth investigation about different aspects of direct-contact ultrasonic

drying of paper hand-sheets. Paper samples offer the ability to explore the impacts of porous media
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of different characteristics, via wood-type and refinement condition, allowing the work to provide
insight into the general applications of ultrasonic drying in porous media. Chapter 5 investigates
the potentials of ultrasonic drying in a non-contact ultrasound setup, experimentally. The goal is
to understand the effect of airborne ultrasonic drying for porous media such as hand-sheet papers.
The outcome of this research is compared with the direct-contact ultrasonic drying of paper in
terms of heating effects, drying rate, final product quality, and energy efficiency. Using design of
experiments and analysis of variance, the effects of initial moisture content, basis weight/thickness,
and refining condition of the pulp for both hardwood and softwood are studied and two correlations
for predicting the total time of ultrasonic drying and the area under drying curve are proposed. The
most important take aways from these two chapters are the energy efficiency analysis, the drying

rates, and the comparison between the two mechanisms in terms of advantages and drawbacks.

In order to explore the mechanism of ultrasonic drying, chapter 6 aims to understand the physics
behind ultrasonic atomization and attempts to bridge a knowledge gap in the understanding of
ultrasonic oscillatory two-phase flow transport behavior under various operating conditions at a
wide range of frequencies (50 kHz — 2 MHz). Since a greater challenge arises from studying high
frequency ultrasonic waves due to smaller wavelengths and time scales, CFD simulations are
employed, and the results are compared to the available data in the literature. The mechanism of
ultrasonic atomization for a thin liquid film, rather than a single liquid droplet, is described in
detail, the effect of various controlling parameters and thermophysical properties of liquid on
atomization is discussed, and a correlation for predicting the droplet size as a function of non-
dimensional numbers is proposed. To the best of the author’s knowledge, this is the first time to
determine the onset ultrasonic atomization amplitude as a function of controlling parameters
including surface tension, viscosity, density, liquid height, and frequency. The differences in the
mechanism of ultrasonic atomization for direct-contact and airborne setups are also discussed in
detail.
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Chapter 2: Fundamental Understanding of Removal
of Liquid Thin Film Trapped Between Fibers in Paper

Drying Process: Microscopic Approach

The main objective of this chapter is to fundamentally describe the physics of drying process in
the intermediate stage, from free water toward bound water, where the remaining free water is
present on the exterior surfaces of fibers in the form of a liquid film. To simplify, a configuration
is assumed where the drying of the above-mentioned liquid film is achieved with a hot air flowing
through the paper/tissue thickness comprised of an array of fibers. The effects of different
controlling parameters such as air velocity and temperature, initial height of the liquid film,
Marangoni effects, and the fiber dimensions on drying are presented. Numerical simulations have
been conducted using VOF model in Ansys FLUENT. The properties of liquid water are

considered as functions of temperature, but the properties of the fibers are assumed to be constant.

Keywords: Thin liquid film removal; dominant mechanisms; paper drying; microscale

2.1 Theoretical Model

2.1.1 Governing Equations and Boundary Conditions

A very simple geometry is considered to fundamentally understand the evaporation of liquid film
in the vicinity of fibers. Figure 4 illustrates the simplified configuration considered here. The
details of the corresponding schematic for the theoretical model presented here are given in Figure

5. Due to the computational expenses, only an array of three fibers is considered.

46



"
///// I
/ I
/7 1
hotair  / I
| 2 1
0 1
paper 42 :
LT
1
1
1
1
~ 20 pum
(a) Impinging air on the paper. (b) Hot air drying the water

trapped between the fibers.

Figure 4. llustration of the simplified impinging air drying configuration considered in this study.

The evaporating liquid film bounded in between three fibers is confined by an air/vapor layer
flowing above it. Due to symmetry conditions, only one half of the geometry is considered. The
initial condition is a flat liquid film interface with a flowing dry air above. The liquid thin film is
thin enough that gravity effects are negligible, and it is thick enough that continuity applies (see

Table 4). In addition, the fluids are immiscible, and the fibers are impermeable

symmetry
pore " .
height l hot air flow —— (-’ evaporation air, water vapor ——>
g —
wall, . liquid 1} wall,
insulated Fiber Fiber Fiber insulated
v interface, applied heat and mass flux due to evaporation symmetry
| x |o [10 j20 |30 |40 |50 |60 {70 |so |90 pm
Figure 5. Schematic of the model for an evaporating liquid film between three fibers bounded by a flowing
gas layer.
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One phase is the gas phase, which is a mixture of air and water vapor, and the other phase is the
liquid water. The governing equations for the fluid phase are the conservation of mass (continuity
equation), momentum, and energy equations. For a three-dimensional (3D) laminar transient

compressible flow, these equations may be written as

dp . 2-1
% +V.(pv) = Sp, (2-1)
2 (pi) +V.(pPD) = —Vp + V.(D) + pg + F (2-2)

(2-3)

a - e
%(pE) +V.(B(pE +p)) = V.| kVT — Z hil; | + Sh
j

where Sp, is the mass added to the continuous phase from the dispersed second phase as a result of
evaporation here. p is the static pressure and 7 is the stress tensor. pg is the gravitational body
force, which is negligible in this problem. F is the external body force, which corresponds to
capillary forces included in the model. k is the thermal conductivity and J; is the diffusion flux of
species j. The first two terms on the right-hand side of equation (2-3) represent energy transfer due
to conduction and species diffusion, respectively. Sh includes the heat source due to evaporation
(i.e., mass transfer source term multiplied by the heat of evaporation). The values of the air
velocities used in this study are in a range that confirm the Reynolds numbers (calculated based

on initial height of the interface) are in the laminar regime.

The mass transfer due to evaporation at the liquid-gas interface, Sm, is defined as [99]

Pv_Pva -
) (2-4)

Sm = ki ( Poim
where py is vapor pressure and pva IS vapor pressure in air. The mass transfer coefficient, km, is
determined from Chilton-Colburn form of the Reynolds’s analogy [97 and 100]. Also, htg is
described as a function of temperature by using the equation from Pakowski et al. [101].

In equation (2-3), E is defined as
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£ P+v2 (2-5)
=h--+3

where sensible enthalpy h for incompressible flows is described by

P -
h=2nhj+— (2-6)
]. P

and Yj is the mass fraction of species j.

T (2-7)
hj = f ij dT
Tref
where Tref is 298.15 K.

Moreover, in order to model the diffusion of water vapor into air, an additional species transport
equation is solved. This conservation equation predicts the local mass fraction of water vapor (Y)

in the mixture. This equation takes the following form

%(pY) +V.(pBY) = -V.] (2-8)

The mass fraction of the air is determined as one minus the mass fraction of the water vapor in the

mixture.

In equation (2-8), J is the diffusion flux, which arises due to gradients of concentration. In order

to model mass diffusion due to concentration gradients, the diffusion flux can be written as

J = —pD,,VY (2-9)
Here D,, is the mass diffusion coefficient in the mixture.

By using the multiphase flow model in ANSYS Fluent, specifically volume of fluid (VOF), the

evaporation of the liquid layer at the interface is modeled in this study. Since there are two phases
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in this model, the interface tracking between the phases is accomplished by solving the continuity

equation for the volume fraction of water vapor («) in the following form

19 L (2-10)
s [ﬁ (ap) +V.(apv) = Sy]

where the source term on the right-hand side of equation (2-10) is due to evaporation and is given
in equation (2-4). This evaporation source term is describing the mass transfer between the liquid
layer and the water vapor species in the mixture. The volume fraction of the mixture is calculated

based on the following constraint

QAliquid water T Xmixture = 1 (2-11)

Moreover, to add the effect of surface tension to the VOF model, a source term (body force) is

added to the momentum equation. For two phases, this volume force can be presented as

pkVa (2-12)

F=o
1
2 (pliquid water T pmixture)

where p is the volume-averaged density and « is the curvature that is defined in terms of the

divergence of the unit normal, 7

K=V.7 (2-13)

It should be mentioned that for two phase flow, kiiquiq water = —Kmixture aNd Vaiiguia water =

_vamixture-
In order to include the effect of Marangoni flows or thermocapillary effects into the simulations,
the surface tension is considered as a function of temperature as [102]

T (2-14)

647.096

T
647.096

o =235.8(1- )1'256 [1-0625(1 - )| mN/m
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This equation is valid between the triple point (0.01 °C) and 647.096 K.

For the solid phase, only the energy equation is required for conduction through the fiber
(conjugate heat transfer problem) as following

d 2-15
5% (pfcpr) = V. (ksVT) (2-15)

where Cp, Is heat capacity of the fiber. pr and kr are density and thermal conductivity of the fiber

material, respectively.

The average properties of the fibers are considered as average properties for porous media chosen
from both theoretical and experimental relationships for different porous materials including foods
[103]. Furthermore, the properties of air, water vapor, and liquid water are included into the model

as functions of temperature, according to [101, 104].

The velocity-inlet and pressure-outlet boundary conditions are applied at the inlet and outlet of the
gas domain, respectively. Hot, dry air enters the domain at a constant velocity. For the liquid layer,
the lateral boundary conditions are no mass flux and thermally insulated. Symmetry boundary
conditions are used for the upper and lower boundaries in Figure 5. On the interface of solid-fluid
regions, a no-slip boundary condition is imposed. The initial condition for the simulations is 300
K for temperature and zero velocity everywhere. The range of the values chosen for the diameter
of the circular fibers are based on the research of Ververis et al. [105]. This research concluded
that the wood fibers have the average diameter about 15-25 pum. In the current research the effect
of different fiber diameters and the distance between fibers are studied. To study the effect of each
of the parameters, other parameters are held constant. The goal here is that by knowing the effect
of different parameters in the current technologies in paper drying industries, the operational
conditions can be modified in order to increase the efficiency of the process, decreasing the drying
time, and decreasing the energy consumption. The parametric study here includes the effect of
inlet velocity and inlet temperature of the flowing dry air, the initial height of the liquid layer (i.e.,
percentage of the water between the fibers), and Marangoni flows on evaporation (drying)

behavior of the thin film are investigated. Additionally, the effect of different geometrical
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parameters such as diameter of the fibers, distance between the fibers, and pore height (which is

defined as the inlet for the hot air in Figure 5) are studied.

2.1.2 Numerical Technique

The CFD simulations are done by the commercial software ANSYS Fluent 19.1. The pressure-
based segregated solver is used, with the SIMPLE algorithm for pressure-velocity coupling. The
simulations use second-order upwind discretization. Under-relaxation factors are usually left at

Fluent defaults and the convergence criterion is 10°°.

The geometries are meshed with hexahedral cells. A mesh independence study is conducted to
determine the minimal number of meshes required to obtain highly accurate results. For laminar
flow, the mesh independence of the solution is checked by monitoring the changes in the liquid
volume versus time. The results show that an average of approximately 80000 elements is enough

for the simulations.

The following sections represent the details of the results for different numerical conditions.

2.2 Results and Discussion

2.2.1 Thin Liquid Film Drying

Figure 6 shows how the liquid volume changes vs time for the case shown in Table 4.

Table 4. Operating conditions for the case shown in Figure 6 and Figure 7.

) Initial )
Air o ] ) Distance
. ) Air inlet height of Surface | Diameter Pore
Properties | inlet o ) ) between )
] temperature liquid tension of fibers ] height
velocity fibers
layer
Eqgn. (2-
Value 5m/s 400 K 10 um 14) 20 um 10 um 10 um
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Figure 6 shows two different stages for drying the thin film between the fibers. It is obvious that
in stage 1, the liquid volume is changing almost with a constant slope and then after a critical
moisture content, the slope decreases significantly at stage 2 (which means the evaporation rate
decreases here). After about 1000 ms the liquid layer is completely dried.
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Figure 6. Change in liquid volume vs time for the case with operational conditions provided in Table 4.

In order to interpret the results, Figure 7 shows the contour plots of the volume fraction of the
liquid layer as a function of time. In this model, the gas phase is a mixture of air and water vapor.
The air enters at the inlet in a dry condition and then the water vapor is added to the dry air as it
proceeds toward the outlet. In Figure 7, when the volume fraction of water is 1, it represents the
pure liquid water. The volume fraction of water decreases from the fiber/liquid surface toward the
liquid/gas interface. Moving from the fiber/liquid surface to the liquid/gas interface, the humidity

of air is increasing, by changing the volume fraction of water vapor in the gas phase.

From Figure 7, it is obvious that in the beginning evaporation happens at the interface in a very
short time. After that, since the hot air is flowing inside the domain and increases the temperature,
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evaporation has high rates (stage 1). Comparing the contours of liquid volume fraction (Figure 7)
with the contours of temperature (Figure 8) reveals that at higher temperatures evaporation has
higher rates. Contours of temperature in Figure 8 show that after about 30 ms, the temperature in
the domain reaches that of the inlet temperature of the inflowing air and it is supposed to be a
positive driving force for evaporation. However, as it is obvious from Figure 6, after about 30 ms
the evaporation rate decreases. In fact, at this stage of drying there are 3 different phenomena
competing with each other. Although, the increase in temperature should increase the drying rate,
decreasing the moisture content between the fibers makes the evaporation rate slower. Another
effecting parameter here is Marangoni flows (thermocapillary instabilities), which make

instabilities in the liquid layer that can change the drying behavior of the thin liquid film.

OO = =2 P WL B NN D =I—I100 DWW O
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Figure 7. Contours of volume fraction of the liquid layer at different times for the case with operational
conditions provided in Table 4.
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Figure 8. Contours of temperature at different times for the case with operational conditions provided in
Table 4.

In the interest of understanding the effect of Marangoni flows on each of the stages of drying,
Figure 8 displays the temperature profiles in y-direction along the interface at locations between
the first and the second fibers, at 5 ms drying time. Figure 9 reveals that there is a gradient in
temperature along the interface. As seen from Figure 8, at the second stage, the temperature is
uniform everywhere in the domain. Looking at equation (2-14) for surface tension as a function of
temperature shows that with increasing temperature, the surface tension decreases. The gradients
in temperature lead to gradients in surface tension and hence, Marangoni flows are stronger. The
instabilities induced from Marangoni flows at the interface of liquid/gas makes the evaporation to
occur faster. However, at the second stage of drying, the gradients in temperature and thus, the
gradients in surface tension decrease. This ends or weakens the impact of instabilities due to
Marangoni flows and results in reduction of evaporation rate. For that reason, Marangoni flows

help the drying rate at the first stage of drying.
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Figure 9. Comparing temperature profiles for the case shown in Figures 4-6 at 5 ms. The profiles are at
locations between the first and the second fibers.

2.2.2 Effect of Fluid Properties on Liquid Film Drying

To have a better understanding of the effect of different parameters on liquid film drying, the effect
of different parameters on the evaporation rate and the change in height of the interface are also
studied in this research, which are presented in Figures 10-13. These parameters include (a) the
inlet velocity, (b) the inlet temperature, and (c) the initial height of the liquid layer (i.e., percentage
of the liquid between the fibers). It should be noted that in each case, other parameters are constant
according to Table 4. Figure 10 shows that increasing the inlet velocity and hence, increasing the
convectional flow of the gas layer, decreases the drying time. The noteworthy point here is that
decreasing the inlet velocity to 1 m/s from 5 m/s leads to a significant change in drying behavior.
In the case of 1 m/s, the rate of drying is lower than two other cases since it needs more time for

the temperature to increase. Therefore, in this case the heat transfer is the limiting mechanism.
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While, for the case with high inlet velocity equal to 10 m/s, the drying rate is very fast, and the

overall time of drying is shorter.
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Figure 10. Change in liquid volume under different inlet velocities.

Figure 11 represent the effect of inlet temperature on drying curve. By increasing the inlet
temperature, two phenomena are assisting the evaporation rate: (1) at higher temperatures, the
vapor pressure is higher and thus, the mass transfer coefficient is higher and (2) at higher inlet
temperatures, the gradients of temperature and gradient of surface tension are higher and hence,
the effect of Marangoni instabilities on evaporation is higher. This has higher impact on the first

stage of drying since the gradients of temperature is higher at this stage.
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Figure 11. Change in liquid volume under different inlet temperatures.
With increasing the initial height of the liquid layer (Figure 12), the change in the slope of the plot
increases and hence, the evaporation happens at a lower rate which results in higher times of

drying. At higher liquid heights, the time required for diffusion of temperature inside the liquid is

higher and therefore the evaporation rate is lower.
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Figure 12. Change in liquid volume under different initial liquid film thicknesses.

2.2.3 Marangoni Effects

To understand the effect of Marangoni flows on drying rate and drying time, two cases with and
without including the effect of Marangoni flows (i.e., thermocapillary instabilities) are studied in
Figure 13. As it was mentioned before, Marangoni flows are a result of gradient in surface tension
along the interface due to gradient in temperature. In agreement with the previous results, Figure
13 shows that the instabilities induced by Marangoni flows result in higher drying rate., thus the
evaporation of the liquid layer takes place rapidly. While, as the evaporation proceeds, the effect

of Marangoni flows decreases and finally, Marangoni effects cease to exist.
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Figure 13. The effect of Marangoni flows on change in liquid volume vs time. The other properties are fixed
according to Table 4.

2.2.4 Effect of Geometrical Parameters on Liquid Film Drying

The effect of geometrical parameters such as (a) diameter of fibers, (b) distance between fibers,
and (c) pore height (defined as the inlet for hot dry air, Figure 5) are shown in Figure 14. It should
be pointed out that in all of these simulations the initial height of the liquid film is the same as the
radius of the fiber in a way that liquid film covers the distances between the fibers. Moreover, in
all of the simulations, only 3 circular fibers are considered and hence by changing the distance
between the fibers and the diameter of the fibers, the length of the domain changes. Figure 14(a)
shows that by increasing the fiber diameter, the volume of liquid between fibers increases and
leads to increase in drying time and the drying rate also decreases. As illustrated in Figure 14(a),
the evaporation rate is rapid roughly in the first 100 ms and after that the evaporation rate starts to

decrease significantly. One reason for this drop in the evaporation rate is the decrease in the air
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flow velocity in the cavity between the fibers. Increasing distance between fibers has the same

effect as shown in Figure 14(b).

For pore height, the inlet for hot dry air, Figure 14(c) shows that increasing the value from 10 um
to 25 um, decreases the drying time. The reason behind this observation is that by increasing the

inlet for hot air, the mass flow rate inside the domain increases and therefore, the drying rate
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Figure 14. Change in liquid volume vs time for cases with different geometrical parameters: (a) fiber
diameter; (b) distance between fibers; and (c) pore height (defined as the inlet for hot dry air in Figure 5).
The other properties are fixed according to Table 4.
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2.3 Summary and Conclusions

To fundamentally understand the physics of removal of liquid film trapped between paper/tissue
fibers during the drying process, a simplified configuration was assumed, and the corresponding
theoretical model was developed. The numerical solutions obtained in this study showed the
changes in volume fraction of water and temperature during drying the thin liquid film. Since the
hot air is entering the domain in the thickness direction, there is a temperature gradient at each
cross section of the domain. This temperature gradient results in gradients in surface tension and
consequently activates the Marangoni instabilities. The positive effect of the instabilities induced
by Marangoni flows increases the drying rate. However, as the temperature becomes uniform in
the domain and the gradient of temperature becomes smaller, the effect of Marangoni flows
weakens at final state of drying. Additionally, as the moisture content reduces, the drying rate
decreases. Therefore, there is two stages for drying the thin film: a high drying rate stage followed
by a falling drying rate stage. Higher inlet air velocities and higher inlet air temperatures lead to
increasing the drying rate. Nevertheless, increasing the initial liquid height increased the drying
time. Furthermore, the effect of geometrical parameters of the fibers on drying rate was studied.
Fibers with larger diameters and larger distance between them result in larger volume of trapped
liquid and hence, have higher drying times. This work lays the foundation for the upcoming studies
to investigate the detail understanding of water removal for a configuration relevant to paper

products such as paper tissues.
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Chapter 3: Numerical Study of Removal of Water
Trapped Inside a Single Cellulose Fiber

In this chapter, as part of the transition region from free water removal toward bound water
removal, removal of water trapped inside a single micro-scale fiber is studied. Various hardwood
fibers with distinct physical dimensions are considered. The research analyzes the effect of
properties of water (e.g., surface tension and Marangoni effects) on drying. In addition, a
parametric study has been conducted to understand the effect of heat flux applied to the outer
surface of the fiber. Using the temperature measurements, the heat flux in the dynamic three-phase
vapor/water/fiber contact line is studied. The results of this chapter provide in-depth information
about removal of water from a single cellulose fiber as a microtube. The numerical technique and

the results are described in the next sections.

Keywords: final stages of drying curve; hard-to-remove water; cellulose fiber; microtube
3.1 CFD Modeling

Evaporation (condensation) is defined as an endothermic (exothermic) phase transition from liquid
to vapor (or from vapor to liquid), which happens at the interface. Understanding the physical
concepts and revealing the mechanisms involved in these phenomena, especially at micro and nano
scales, requires very high-resolution microscopes, and in some cases, it is impossible to do the
experiments. Hence, numerical simulation techniques have been used as a viable replacement for
experiments in recent decades. However, numerical simulation of phase change problems is one
of the most challenging areas in computational fluid dynamics (CFD). The discontinuities in
material properties (e.g., density, viscosity, thermal conductivity, and surface tension) and flow
variables, such as pressure at the interface, are some of the challenges in calculating numerical
simulation of phase changes. For example, for multiphase flows due to strong surface tension, low

viscosity, and a large density ratio, the resolution varies along the interface [106].

To simulate the phase change phenomenon, the Navier-Stokes and energy equations are

accompanied by an interface-tracking method. Multiple methods have been developed for
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numerical simulation of phase change from liquid to vapor, including volume of fluid (VOF),
level-set method (LS), and hybrid methods such as coupled VOF and LS (VOSET), as well as a
local front reconstruction method (LFRM). The most used methods for tracking interface are fixed
(non-moving) mesh approaches such as VOF and LS. The VOF method has an inherent mass
conservation property, and the interface is captured with the heat transfer of the phase change
[107]. Considering that the feature of mass conservation for phase change problems is very
important, the VOF method is chosen here. The VOF method has been used for numerical studies
in a variety of cases such as for volatile liquid droplets, bubbles, film boiling, and inclined

channels.

The numerical simulations in this study are conducted using Ansys Fluent 2020 R2. To convert
the governing equations to algebraic equations that can be solved numerically, a control volume-
based technique is used. Furthermore, the phase change model is added to Ansys Fluent using

user-defined-functions (UDFs).

3.1.1 Geometry, Initial and Boundary Conditions

Figure 15 shows a cross-sectional schematic of the single-fiber model. Figure 16 represents the
fiber in 3D. Heat flux is applied on the outer surface of the fiber, uniformly, and the inside of the
fiber is saturated with liquid water. The water can be removed from the two open ends of the fiber.

For simplicity, the tortuosity is considered one in the fiber.
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Figure 15. Cross sectional schematic of single-fiber model.
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Figure 16. Schematic of single fiber model.

In this study, due to the symmetry of the flow configuration, a 2D axisymmetric geometry is used,
as shown in Figure 17. The no-slip, velocity boundary condition is applied on the top wall, i.e., vx
= vr = 0, and the applied wall heat flux to the outer surface of fiber is constant and uniform. The
right boundary is set as the symmetry boundary condition, and the left boundary is a pressure outlet
with atmospheric pressure and temperature equal to 300 K, initially. As the temperature inside the
domain changes during the simulation, the temperature at the pressure outlet boundary is set equal
to the adjacent cell temperature (Tadjcen). The centerline at the bottom boundary is considered as
the centerline axis. The initial value for velocity is zero, and the temperature is initialized as 300
K. It should be noted that since applying the VOF multiphase method requires an interface between
liquid and gas phase, the single fiber is not totally filled with liquid water, and a very small length
of the fiber (~1%) is filled with water vapor, initially. In the base case, the total length of the fiber
is 1 mm and the fiber outer diameter is 14 um. The initial value for water vapor and the backflow

volume fraction of water vapor at the outlet boundary are set to zero.

fiber wall, no-slip, q” = constant

1

pressure-outlet, \
P =Potms T = Tadjcallr | ax . ax
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Oyapor-backflow = 1
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Figure 17. 2D model for single fiber with set boundary conditions.
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The results of an independent study of mesh size in Figure 18, revealed that increasing the number

of cells beyond 28000 did not alter the numerical results thus, this number of cells was used in the

simulations.
3.5
56000 cells
— 28000 cells
™ 3 14000 cells| |
= 7000 cells
™
~ 25
O
>
25 2
(4D)
E )
i)
>
7 o NI |
=
=
—1 05
0 ; mn e . .
0 50 100 150 200 250 300

Time (ms)

Figure 18. Change in liquid volume versus time for different mesh cell sizes.

3.1.2 Governing Equations

This is a conjugate heat transfer problem that Navier-Stokes equations and conservation of energy
are solved for the fluid inside the fiber; for the solid, only the conservation of energy equation is
needed. The flow inside the fiber is laminar, and it is solved in transient conditions. To track the
interface, the multiphase VOF method is used in this study. The primary phase is set as liquid
water, and the secondary phase is water vapor. For simplicity, air is not considered in the

simulations.

The VOF method developed by Hirt and Nichols [108] is used here. The VOF method defines a
volume fraction « for each of the phases. This model solves a single set of momentum equations

for the fluid domain, and the volume fraction of each of the phases in each computational cell is
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tracked during the simulation. The value for volume fraction of one phase is zero, if the cell is
empty of that phase, and it is 1 if the grid cell is full of that phase. However, if the grid cell is
partially filled with the phase, the volume fraction for that phase is between 0 and 1. The sum of
volume fractions of all phases equals 1 in each grid cell:

a, +a, =1 (3-1)
Figure 19 shows the schematic of the cells around the interface region between two fluids. Each
of the white and gray regions illustrates one of the phases in the domain and the partially filled
cells between the two regions represent the interface.

Figure 19. Schematic of the cells around the interface between two fluids in VOF method.

Hence, the interface between the fluids is tracked everywhere in the domain. The governing
equations of the volume fraction for the secondary phase in 2D axisymmetric geometry can be

written as follows

d d d Py . 3-2
a (avpv) + a (“vpvvx) + E (avpvvr) + - rv = myy, ( )

where the subscripts v and | are the two phases, water vapor and liquid water, respectively. p is the
density, t is the time, and v is the velocity, which has two components in x and r directions. The
right-hand side of equation (3-2) shows the production and destruction source terms of the phases,
due to mass transfer or a chemical reaction. In this study, the evaporation only happens between
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liquid water and water vapor. Therefore, the source term is defined as 71;,, and it can be expressed

as follows

P — Pgg (3'3)

where Psa is a function of temperature [101]. km is the mass transfer coefficient (kg/(m?3.s)), and it
is determined from the Chilton-Colburn form of the Reynolds’ analogy, according to Asensio and
Yagoobi [109].

The source terms are applied only at the vapor/water interface, and in the rest of the domain the
values are zero. In addition, the volume fraction of liquid water is determined as one minus the

volume fraction of water vapor.

A single momentum equation is solved throughout the domain, and the resulting velocity field is
shared among the phases. The momentum equation for 2D axisymmetric geometries can be

expressed as follows

0 (0v) + 2 (1) + o (rpvyv) @4
ot PV T gy TPV V) TG NP T

JP 10 v, 10 v, Jv,
() (G ) o

T ox | rox ox ror ar 0x

and

a( )+1a( )+1a( ) (3-5)
Jt PV r 0x TPVxVr r or TPVrr

B 6P+16[ <avr+6vx)]+1a[ (zavr)] ) UT+F
~ " or roxl *\ox " or ror P \“ar H2 "

where P is the pressure. The properties in the momentum equation are determined from the

component phases in each control volume. For example, in a two-phase system, the density, p, and

the viscosity, Y, are calculated from the volume fractions of all the phases as

p=aypy +(1—ay)p (3-6)
p=api, + (1 —a,)y (3-7)
Surface tension is a surface force; however, in order to add the effect of surface tension to the
source term in the momentum equation, Brackbill [110] converted the surface force into a volume

force, F, by the continuum surface force (CFS) model. F has the form
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avpvkvvav + Cllle'lVCZl (3-8)
0.5(py + p1)
where the interfacial curvature, « is obtained from:

F =

Va, (3-9)

Ky, = —K; = —V.(

The energy equation is also shared between the two phases, and, for 2D axisymmetric geometries,

it can be expressed as follows

0 d(pE + P) 9] 1o ( 6T> 9] ( aT) (3-10)
g(pE)'FUr—ar +Ux—x(pE+P)—[;a krg +a ka ]]+Sh
where E is the internal energy and T is the temperature. k is the thermal conductivity determined
as follows
k= klal + kvav (3-11)

Sh includes any volume heat sources or heat of chemical reaction. In this study, Sh is the heat source
due to evaporation and condensation and it is defined as

Sp = hfgmlv (3‘12)
where hyg is the latent heat of vaporization, and it is defined as a function of temperature, using the
equation by Pakowski [101]. Note that the evaporation source term only is applied at the

vapor/water interface.

The remaining terms on the right-hand side of equation (3-10) represent energy transfer due to

conduction. Energy and temperature are mass averaged, and they can be defined as

— avpvhv + alplhl (3'13)
aypy + APy

T (3-14)
h, = f CprdT

E

T (3-15)
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where Cp is heat capacity and h is enthalpy. For the conjugate heat transfer problem, an energy
equation is solved for the solid phase, which is describing the energy equation for conduction
through the fiber. For 2D axisymmetric geometries, this equation can be described as

G, T i[O 2 a1y (16
pfpfat_frar or Ox \ox

where Cpf is heat capacity of the fiber, pr and ks are density and thermal conductivity of the fiber

material, respectively.

The average thermophysical properties of the fibers are chosen from both theoretical and
experimental relationships for cellulose fibers [109] and they are considered constant numbers.
Furthermore, the properties of water vapor, and liquid water are included into the model as

functions of temperature, according to Pakowski [101].

In order to include the effect of Marangoni flows or thermocapillary effects into the simulations,

the surface tension is considered as a function of temperature as

T
647.096

T
647.096

(3-17)

o =2358(1- )1'256 [1-0.625(1 - )| mN/m

This equation is valid between the triple point (0.01 °C) and 647.096 K, according to Petrova et al.
[102].

3.1.3 Solution Technique

As the pressure and face mass fluxes are not known, interpolation schemes are employed to
compute these values. The second-order upwind scheme is adopted for the inertia terms in the
momentum equations (3-4) and (3-5) and convection terms in the energy equation (3-10). The
geometric reconstruction scheme is used to determine the face fluxes for the VOF model. This
scheme represents the interface between fluids, using a piecewise linear approach. The SIMPLE
algorithm is used for pressure-velocity coupling. Numerical simulations are computed in double
precision with a segregated solver. Convergence criteria are set as 10 for continuity and

momentum equations and 107 for energy equation.
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3.2 Results and Discussion

Table 5 represents the values of properties and fiber dimensions used in the simulations. In this
study, the range of the applied heat flux to the outer surface of the fiber is chosen corresponding
to the lower end of actual convective drying of paper products, according to Asensio et al. [109].
The effect of decreasing and increasing surface tension is studied by multiplying equation (3-17)
by 0.8 and 1.5, respectively. A constant surface tension equal to 59 mN/m is considered for the
cases without Marangoni effect. According to von Bahr et al. [111] it is possible to increase the
contact angle between water and fiber to 110°. In this study, the contact angle is constant as 105°.
The effect of surface roughness and topology, which may influence the ability of the structure to
transport water, as well as the shrinkage of the fiber during drying are not being considered in this
research. As it was mentioned above, the fiber geometrical dimensions including inner fiber
diameter, fiber length, and fiber wall thickness vary depending on the source and environmental
conditions. Softwood fibers are longer and coarser compared to hardwood fibers (see Figure 20).
To study the effect of fiber’s dimensions on water removal of hardwood fibers, the range of fiber

length and fiber diameter are chosen accordingly.

Table 5. Different properties and physical dimensions used in the numerical simulations (* specifies the
properties for the base case).

Inner fiber Fiber Fiber wall
. Applied heat flux to Surface tension ) )
Properties ) diameter length thickness
the fiber wall (W/m?) (mN/m)
(Hm) (mm) (Hm)

1000 0.8 x eqgn. (3-17) 10 0.5 2

3000* eqgn. (3-17)* 20* 1* 4*

Values 5000 1.5 x egn. (3-17) 25 1.5 7

59
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Hardwood

1 to 2 mm

Softwood

3to 7T mm

Figure 20. Comparing softwood and hardwood fibers, schematically.

3.2.1 Water Removal from a Single Fiber

For the sake of illustration, the drying curve, which is the liquid volume versus time for one of the
cases is shown in Figure 21. The properties for this case are specified with a star in Table 5.
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Figure 21. Change in liquid volume and interface position vs time for the case specified with stars in Table 5.
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The liquid volume is decreasing over time, and the position of the water/vapor interface is moving
toward the center of the fiber (i.e., symmetry boundary). As depicted in Figure 21, for this specific
case, the drying time is about 225 ms. This drying curve shows the transition region between free
water removal and bound water removal as it is the drying curve for the water trapped inside the
fiber. It should be mentioned that in a real scenario, the water also gets removed from the small

open pores on the surface of the fiber wall which are not considered in this research.

Figure 22 illustrates the contours of liquid volume at different times. The greater attraction of
liquid molecules to each other (due to cohesion) than to the molecules in the vapor (due to
adhesion) leads to surface tension at the interface of liquid and vapor, which determines the
curvature and shape of the interface. Since surface tension is a function of temperature, the
interfacial curvature is changing during the simulation. Another factor determining the shape of
the interface is the contact angle between the solid fiber and fluid phases. In this study, the contact
angle is assumed to be fixed. Rashid et al. [40] contributed this change in interface shape to the
clockwise vortex in liquid and counterclockwise vortex in vapor due to surface tension, vapor

recoil, thermos-capillary, viscous force, and geometric constraints.

Figure 23 shows the temperature contours at different drying times. The evaporation only happens
at the water/vapor interface. Additionally, the temperature in the vapor phase is higher than the

liquid phase, due to the higher thermal diffusivity.
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Figure 22. Liquid volume contours at different times for the case specified with stars in Table 5.
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Figure 23. Temperature contours (in K) at different times for the case specified with stars in Table 5.
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Comparing the radial temperature profiles at x = 500 um (Figure 24) with the contours of volume
fraction of water (Figure 22) shows that in the liquid region, the slope is higher compared to that
in the vapor region. This is due to lower thermal diffusivity of liquid water compared to vapor. In
addition, the fiber thermal diffusivity is lower than the fluid thermal diffusivity, therefore, the slope
is higher in the fiber wall. Note that the temperature profiles are not corresponding to the

water/vapor interface.
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Figure 24. Radial temperature profiles at x = 500 um (middle of the fiber) at different times for the case
specified with stars in Table 5.

3.2.2 Heat Flux at the Water/Vapor Interface

One of the challenges in the dynamic zone of three phase liquid/gas/solid contact line is to

understand the heat transfer process in this zone. This phenomenon can contribute to studies of
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several physical problems, such as cavitation, boiling, spreading and evaporation of droplets [112
and 113]. In the current paper, the heat flux (q'") along the inner fiber-wall surface, which includes
the three-phase contact line of water film with the fiber surface has been calculated using the

corresponding temperature profiles as depicted in Figure 25:

¢ =2 Z_; (3-18)
The heat flux profiles show that the interface position can be tracked by sudden changes in the
heat flux. Due to the curvature at the three-phase zone, the evaporation rate is higher at the
interface. Therefore, there is a jJump in heat flux due to evaporation at the interface. The heat flux
at the inner fiber-wall in contact with the liquid phase is slightly less than 3000 W/m?, due to the
higher thermal conductivity of liquid water compared to that of vapor phase. Furthermore, the
symmetry boundary condition at the right boundary of the fiber results in zero heat flux gradient
at the right end of the fiber. For the energy balance inside the fiber, the applied heat flux to the
outer surface of the fiber should be equal to the sum of the output energy from the inner fiber-wall
and the sensible heat of the fiber. As an example, at time = 150 ms, from 3000 W/m? heat flux

applied to the outer surface of the fiber, 62% consumes for the sensible heat of the fiber.
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Figure 25. Heat flux profiles at y = 10 um (the inner surface of the fiber) at different times for the case
specified with stars in Table 5.

For illustration purposes, the temperature profile and heat flux profile at inner wall of the fiber at
150 ms are compared in Figure 26. This figure shows that due to higher heat capacity of liquid
phase compared to that of vapor phase, the change in the temperature slope for vapor is higher
than liquid. The temperature in the vapor phase decreases as it approaches to the interface. There
is change in slope of the temperature profile at the interface region due to evaporation. These
observations agree with the temperature contours in Figure 26 which show how the vapor
temperature changes along the x-direction. In addition, the contours of volume fraction of water
specify the position of the interface between liquid water and water vapor. The calculations show
that the maximal heat flux occurs in the region of the contact line, and it exceeds the average heat
flux on the entire fiber inner wall surface by a factor of 2.5-11. This can be explained by heat
inflow from the fiber to the liquid due to the relatively high heat conductivity coefficient of fiber,
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and high evaporation rate in the contact line zone. These findings agree with both theoretical and
experimental studies that suggest that heat transfer near the contact line can be an order of

magnificent higher than the average value [112 and 113]. The current study confirms this behavior.
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Figure 26. Contours of temperature and volume fraction of water at time = 150 ms. The profiles of
temperature and heat flux are plotted at the inner surface of the fiber wall (y = 10 micron).

3.2.3 Effect of Applied Heat Flux on Increasing the Drying Rate

The effect of applied heat flux to the fiber outer wall on change in the liquid volume is depicted in
Figure 27. In the beginning, due to the sensible heat of the fiber, the drying rate is almost the same
for different values of applied heat flux (i.e., conjugate heat transfer problem). However, as the
fiber warms up, the higher applied heat flux on the outer surface of the fiber wall results in decrease
in the drying time. It should be noted that by increasing the applied heat flux by a factor of five,
from 1000 W/m? to 5000 W/m?, the drying time only improves by a factor of 1.5.
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Figure 27. Changes in liquid volume versus time for the cases with different applied heat fluxes. The rest of
the properties are specified with stars in Table 5.

3.2.4 Effect of Surface Tension on Drying Rate and Marangoni Effects

The effect of water/air surface tension on liquid volume change with time is shown in Figure 28.
Decreasing the surface tension decreases the drying time. Surface tension is the attractive force
exerted upon the surface molecules of a liquid by the molecules beneath, which tends to minimize
the surface area. Hence, increasing surface tension decreases the interface between liquid and gas
phases. Since the evaporation happens only at the interface, decreasing the interface area increases
the drying time. It should be noted that the properties considered in this study are for pure water,
which is not the case for the paper industry. However, the results show that the presence of

impurities enhances the drying rate (i.e., decreases drying time).
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Figure 28. Changes in liquid volume versus time for different surface tensions. The rest of the operating
parameters are specified with stars in Table 5.

To explore the effect of Marangoni flows on water removal from a single fiber, the results are
compared with a constant surface tension simulation. The plot in Figure 29(a) compares the drying

curve for a case without Marangoni effect with a case with Marangoni effect.
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Figure 29. (a) The effect of Marangoni flows on the changes in liquid volume versus time; (b) velocity vectors
(m/s) at the interface at time = 50 ms. The length shown here is 15 pm. The rest of the operating parameters
are specified with stars in Table 5.

79



Figure 29(b) compares the velocity vectors at the interface region at time 50 ms, for two cases:
without Marangoni effects and with Marangoni effects. The vectors in this figure show that the
temperature differences in two sides of the vapor/water interface results in Marangoni instabilities,
while in the case of without Marangoni effects (constant surface tension), the vectors are in random
directions. The Marangoni flows at the interface result in clockwise flow in the liquid and counter
clockwise flow in the vapor, which agrees with the results reported by Rashid et al. [40]. In the
presence of Marangoni effects, the instabilities induced at the interface lead to higher drying rate
and therefore, reduces the drying time.

3.2.5 Effect of Fiber Geometrical Dimensions on Drying Rate

The physical dimensions of fibers are another effective parameter that can influence the drying
behavior of water trapped inside the fiber. In this study, the effect of various fiber diameters, fiber
lengths, and the fiber wall thicknesses are considered. Increasing fiber diameter increases the
volume of liquid inside the fiber and hence increases the drying time. Figure 30 shows that, under
the conditions studied here, by increasing the fiber diameter from 10 um to 25 um, the liquid

volume inside the fiber increases by a factor of 5, while the drying time increases more than double.
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Figure 30. Changes in liquid volume versus time for the cases with different fiber diameters. The rest of the
properties are specified with stars in Table 5.
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With an identical fiber diameter, the initial liquid volume inside the fiber linearly increases with
the fiber length. Figure 31 depicts the liquid volume as a function of drying time for three different

fiber lengths. The drying times to reach zero moisture content are almost in sync with the fiber

lengths.
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Figure 31. Changes in liquid volume versus time for the cases with different fiber lengths. The rest of the
properties are specified with stars in Table 5.

Figure 32 illustrates the effect of fiber wall thickness on the evaporation rate. In the beginning,
since the fiber itself is getting heated, the difference in liquid volume change with time in the three
cases is not very significant. However, the evaporation rate (i.e., loss of liquid volume with time)
becomes higher with the thinner fiber wall. This is simply because the thinner wall has a less
resistance to the transfer of heat to the interior of fiber.

81



3.5

Fiber Thickness =2 pm
Fiber Thickness =4 pm
::::::::::: Fiber Thickness = 7 pm| |

(a2

Liquid Volume (x 1073 m?)

=
o

] 50 100 150 200 250 300 350 400 450 500
Time (ms)

Figure 32. Changes in liquid volume versus time for the cases with different fiber wall thicknesses. The rest of
the properties are specified with stars in Table 5.

3.3 Summary and Conclusions

A numerical model was developed for studying a conjugate-heat and mass transfer problem, using
the VOF method. The effects of applied heat flux, water properties, fiber surface properties, and
physical dimensions of fibers were studied. Moisture removal was studied by monitoring the liquid
volume inside the fiber as a function of time. Using the temperature measurements at the contact
line of vapor/water/fiber, the heat flux in the dynamic three-phase zone was studied. According to
the modeling results, the maximum heat flux occurs in the region of the contact zone, and it
exceeds the average heat flux on the entire fiber surface by a factor of 2.5-11. This was explained
by heat inflow from the fiber and high evaporation rate in the contact line, due to the interface
curvature. Furthermore, the results showed that increasing the applied heat flux and decreasing the
surface tension of water/air lead to increasing the rate of water removal from a single cellulose
fiber. Applying the instabilities due to Marangoni effects in the simulations, by including the

changes of surface tension as a function of temperature, decreases the drying time. Therefore, using
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the appropriate surfactants to decrease the surface tension and decrease the drying time is
recommended for increasing energy efficiency at the final stages of drying process. Changing the
physical dimensions of fibers alters the evaporation behavior for water trapped inside the fiber.
Increasing the fiber diameter, fiber length, and fiber wall thickness results in increase in the drying
time. This research provided fundamental understanding of the effective factors on removal of

water trapped inside a single cellulose fiber in micro scale.
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Chapter 4: Direct-Contact Ultrasonic Drying of Hand-
Sheets

To the best of the author’s knowledge, ultrasonic drying has not been published in the literature
for paper drying. Hence, the current chapter is devoted to exploring the potentials and limitations
of direct-contact ultrasound for hand-sheet and paper drying. Non-contact ultrasound for paper
drying will be addressed in the next chapter. In this chapter, the drying behavior of hand-sheet
samples in the presence of ultrasound is compared to the direct contact thermal heating. A series
of systematic experiments are conducted to understand the effects of ultrasonic waves on drying
behavior of hand-sheet samples. Hand-sheets are Northern bleached hardwood and softwood. The
independent variables in the experiments are including the initial dry-basis moisture content
(DBMC), final thickness of the sample, and refining condition of the pulp (unrefined vs refined).
The utilized research methodology is 2° factorial design of experiments to be able to investigate
the main and interaction effects between the independent variables on paper drying characteristics.
In addition, the quality characteristics of the ultrasonically dried hand-sheets are studied, including
color, pore distribution, surface smoothness, and tensile strength. In the following sections, the
materials and methods are described and then the results are discussed. The final section presents

the conclusion.

Keywords: drying of paper; ultrasonic drying; quality measurements; energy analysis
4.1 Materials and Experimental Method

Figure 33 illustrates the experimental setup for direct-contact ultrasonic drying. The major
components in the experimental setup include: a power amplifier (AG 1014, T&C power), an
ultrasonic transducer, a microbalance (Sartorius BCE6200, 0.001 g accuracy), an acrylic housing
to decrease the noises and fluctuations induced by the surrounding, and a FLIR infrared camera. It
should be mentioned that the upper side of the housing was removed to make sure that it does not
impact the moisture removal and to record the thermal behavior during the experiments. In

addition, type T thermocouples are used to measure the temperature of the sample.
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The results of ultrasonic drying are compared to conductive thermal drying experiments using a
hot plate (Corning PC-420D). In this case, the samples were simply placed on the top of hot plate

maintained at 80 °C.

In preparation of the hand-sheet samples, the procedure of TAPPI T205 standard is followed and
the two pressure stages each at 50 psi for 5:30 min and 2:30 min, respectively are applied. The
final dry basis moisture content (DBMC) of the sample in this case is 150%. For the samples with
100% DBMC, the samples were dried at ambient until the desired initial moisture content was
reached. Four different pulps are used in the experiments: softwood and hardwood, both unrefined
and refined. The pulps are Northern Bleached Hardwood Kraft (NBHK) and Northern Bleached
Softwood Kraft (NBSK). The refining is performed using Beloit Double Disk refiner. The pulps
have consistency of 4% and by adding water, the desired initial weight is obtained. The pulp

consistency is defined as the percentage by weight of oven-dry fibers in a stock suspension (slurry).

IR camera

Figure 33. The major components of the experimental setup.

The general qualitative differences between softwood and hardwood and also refined and
unrefined are summarized in Table 6 and Table 7, respectively.
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Table 6. Comparison between the properties of softwood and hardwood pulps.

sofouood

Pulp Freeness

(CSF) Higher

Water Retention Higher

Value (WRV)

N e
softwood is rougher.

Fiber Length Higher

Coarseness Higher

Density Higher

Tensile Strength Higher

Cost Higher

Initial Brightness Higher

Durability Higher

Product Porosity Higher

Resistance to Higher

tearing

Table 7. Comparison between the properties of refined and unrefined pulps.

~property | Refined | unrefined |

Pulp Freeness

(CSF) Higher
Water Retention Higher

Value (WRV)

Surface Depends on the species and
Roughness texture uniformity

Fiber Length Higher
Tensile Strength  Higher

Density Higher

Porosity Higher
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The diameter of the hand-sheet samples was 19.8 mm to precisely match the transducer’s surface
size. The mean thickness of the hand-sheets was measured using a digital thickness gauge
(accuracy 0.002 mm).

Figure 34(a) shows the piezoelectric transducer used in the experiments. The resonant frequency
of the transducer is 1.7 MHz, and its surface area is 314 mm?. Since the sample needs to be in

direct contact with the transducer, the sample size is the same as the transducer (Figure 34(b)).

Figure 34. (a) Mist generation transducer and (b) paper sample used in the direct-contact ultrasonic drying
experiments.

Dry basis moisture content (DBMC) of the samples is calculated as:
Weight of water ~ my — Mpone—ary 4-1)
Weight of dry matter — Mpone—ary

DBMC =

where m; is the mass of the sample at time ¢ and bone-dry is the mass of the dried sample,
determined by drying it in an oven until its moisture is fully removed.
The uncertainty analysis for the derived quantities is calculated according to Kline and McClintock

[114] and are given in Table 8.

Table 8. The derived uncertainty for the experimental tests.

Derived Quantity Maximum Uncertainty
DBMC +8.15%
Whiteness index + 0.25%
Change in color + 3.04%
Energy efficiency +5.61%
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The standard deviation of the reported experimental results for DBMC is 3.8, determined based on
repeating each corresponding experiment five times.

Color analysis is done using colorimeter ColorFlex EZ. This device measures the color based on
CIELAB color system (L*a*b*). The results of colorimeter measurements are used to calculate
the change in color index (AE) and whiteness index (WI) for hand-sheets dried by ultrasound

mechanism.

AE = \[(Ly — L)? + (a3 — a})? + (b; — b})? (4-2)

2 2 (4-3)
WI =100 — [(100 — L*)? + (a*? + b*?)

The 2D porosity of the samples are estimated from microscopic images taken with Keyence VHX-
7000 4k digital microscope. Thresholding is applied to the microscopic images to measure the pore
volume percentage of the hand-sheets in 2D using ImageJ software. Non-contact profilometry
measurements are performed using ZY GO 3D profilometer. In addition, Multitest-dV Mecmesin
device is used for measuring the tensile strength of the hand-sheets. The samples are chosen as
rectangular shapes with about 19.8 mm in length and 5 mm in width. The length between the grips

is fixed at 11 mm for all the tests conducted and therefore 9 mm of the length is in the grips’ region.

4.1.1 Design of Experiments

Factorial design is a systematic method for designing the experiments to determine the relationship
between the factors in an experiment and the response value (outcome). In addition to the effect
of individual factors, it also helps to understand the interactive effects of different factors in
analyzing the results [115]. In this study, 2* factorial design is applied considering three main
factors including the initial moisture content, final thickness, and the refining condition of the pulp.
Each factor has two levels in this design and the replicate number is 5. Minitab software is used
for designing and statistical analyzing of the experimental results by applying analysis of variance
(ANOVA). In the analysis, p-values less than 0.05 are considered statistically significant. The
relationships between the response values of the experiments; including the total time of drying
and the area under the drying curve; and the factors are investigated using a linear regression

analysis as follows:
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k
Y =f0) = ot ) i+
i=1

where Y is the predicted response as a function of the factors; & is the number of factors, and X; (i
=1, 2, 3) are the controlling factors. 8, is the constant coefficient, f8;; are the coefficients for the
interactive effects of the factors, and [5;,3 is capturing the interactive effect of all the three factors.
Table 9 shows the nine designed experiments along with the upper and lower levels for each factor.
In this table, the first 8 experiments are the corners of the cube, and the nineth experiment is center

point of the cube. Abbreviations are employed to define each of the experiments and are used in

i=1j=1

the remaining of the paper.

kK k
Z Z BijXiXj + B123X1 X2 X3

(4-4)

Table 9. Upper and lower levels of factors for 23 factorial design of experiments for both hardwood (H) and

softwood (S). R defines refined and unR defines unrefined.

Factors
Experiment Number Initial Moisture Thickness
Refining Condition
Content — DBMC (%) (mm)
H or S-unR-100-0.3 Unrefined 100 0.3
H or S-unR-150-0.3 Unrefined 150 0.3
H or S-unR-100-0.6 Unrefined 100 0.6
H or S-unR-150-0.6 Unrefined 150 0.6
H or S-R-100-0.3 Refined 100 0.3
H or S-R-150-0.3 Refined 150 0.3
H or S-R-100-0.6 Refined 100 0.6
H or S-R-150-0.6 Refined 150 0.6
H or S-Center Point 50%Unrefined & 50%Refined 125 0.45

4.2 Results and Discussion

4.2.1 Sample’s Weight Measurements

To determine and verify the accuracy of the method for measuring the sample’s weight, similar
refined hardwood samples are used and the changes in the weight of the samples are recorded by

repeating the experiments. Three different methods are compared: (1) continuous measurements
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by placing the scale underneath the transducer and sample during the experiments, (2) intermittent
measurements of the weight during the experiments, and (3) using fresh samples to measure the
weight at different drying times. The results showed that the ultrasonic vibrations in addition to
the noises induced by the connected wires to the setup, changes the weight of the setup artificially
and drastically during the experiments. Therefore, continuous measurement of the weight of the
sample is not an accurate method for the current setup. The second method is to measure the weight
of the sample, intermittently. The third method is to prepare fresh samples and dry it until a specific
time and then measure the weight. The latter is the most accurate method for measuring the weight,
but also most expensive and time-consuming method among the three. Figure 35 compares the
results of the experiments for the intermittent method and the fresh samples method for similar
samples. This figure shows that these two methods present very similar results and hence, using
intermittent measurements of the weight is an accurate way for the measurements. Therefore, in
all the experiments in this chapter, the changes in moisture content are measured by intermittent

measurements of the sample’s weight at 10 sec intervals.
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Figure 35. Comparing the weight measurements results using fresh samples and using intermittent method.
The number of runs shows the number of repeats of the experiments using the fresh samples.
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4.2.2 lllustration of Ultrasonic Drying

As it was mentioned in the introduction, the mechanism of ultrasonic drying is atomization due to
the mechanical vibrations. Figure 36 shows the atomization for two hand-sheet samples with two
different moisture contents. Figure 36(a) shows the atomization for an over-saturated unrefined
softwood hand-sheet and Figure 36(b) shows the atomization for a similar unrefined softwood
hand-sheet with moisture content 150% DBMC. For the over-saturated hand-sheet the amount of
moisture that is removed by atomization is much higher than the moisture that is removed from
the sample with 150% DBMC moisture content. Therefore, ultrasonic atomization rate is higher at
higher moisture contents. With the overly saturated samples, the excess moisture resides on the

sample surface and thus, readily removeable by the ultrasonic mechanism.

\

Figure 36. Comparing the ultrasonic atomization for (a) an over-saturated unrefined softwood hand-sheet
with (b) an unrefined softwood hand-sheet with 150% DBMC.

Looking at the IR camera images of the unrefined hardwood hand-sheet (150% initial DBMC)
placed on the surface of the transducer at selected times (Figure 37) implies that the temperature
increases steadily from the center of the transducer toward the outside, which confirms that the
center oscillates the most. A similar behavior was also observed in [48] in ultrasonic drying of a

fabric sample.
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Figure 37. Selected IR image sequences at different times of ultrasonic drying for unrefined hardwood hand-
sheet (150% initial DBMC) placed on top of the transducer. The temperatures are in °C.

Temperature measurements during the ultrasonic drying experiments revealed that the temperature
of the surface of the sample increases up to about 80 °C before complete drying. Hence, it is
concluded that the dominant mechanism for direct-contact ultrasonic drying initially is atomization
but at the final stages of drying, heating is also important. In addition, as the hand-sheet dries and
moisture content decreases, due to the bulging effect, the temperature of the hand-sheet decreases.
It should be mentioned that for a piezoelectric transducer, the temperature must not exceed its curie
temperature to function properly. For the piezoelectric used in this study, the curie temperature is
320 °C and since the maximum temperature measured is less than 80 °C, it can be concluded that

the working temperature is proper for the employed transducer.

To have a better understanding of the temperature changes during ultrasonic drying, three
thermocouples are used to measure the temperature of (1) the transducer’s surface (underneath the
sample), (2) sample’s surface (on top of the sample), and (3) 4 mm above the sample. The
thermocouple above the sample, in fact measures the temperature of the mist coming out of the

sample. Figure 38 shows the changes in temperature during drying for these three thermocouples.
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Initially, all the three thermocouples are at room temperature. After applying ultrasound, the
temperature rises. The temperatures of the sample’s surface and the transducer’s surface continue
to increase as the sample gets dried and as more conversion of electrical energy to hating occurs.
The temperature of the mist above the sample increases but after some time, the temperature
decreases. This decrease in the temperature is due to the decrease in evaporation rate. As the
sample gets dried, the amount of moisture in the sample decreases and therefore, the evaporation
rate decreases. This results in decrease in mist concentration above the sample and hence, the
thermocouple shows a lower temperature. The maximum temperature for the sample’s surface and

the transducer’s surface agrees with the IR images discussed above.
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Figure 38. Temperature changes during direct-contact ultrasonic drying for an unrefined hardwood sample
with 150% initial DBMC.

4.2.3 Comparing Ultrasonic Drying with Conductive Heat Drying

To have a better illustration of the effect of ultrasound mechanism on drying, thermal drying of
hand-sheets is conducted at temperature equal to 80 °C to extract the sole impact of ultrasound.

Figure 39 compares the drying curves for an ultrasonically dried hand-sheet with a hand-sheet
dried using conductive heating at 80 °C.
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Figure 39. Comparing the drying curves for conductive heating with ultrasonic drying.

This figure shows that in the presence of ultrasound mechanism, the drying time decreases by
almost 30% and hence, ultrasonic drying is faster than conductive drying under the operating
conditions considered here. This finding confirms the favorable effect of atomization in ultrasonic
drying. Many studies (e.g., [45] and [61]) have shown that the ultrasonic atomization enhances the

heat and mass transfer coefficients, supporting the results reported in this study.

4.2.4 Analysis of the Factorial Design of Experiments

Figure 40 and Figure 41 are representing the ultrasonic drying curves for hardwood and softwood,
respectively. The plots are at different combinations of initial moisture content, thickness, and

refining condition of the pulps.
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Figure 40. Ultrasonic drying curves for hardwood samples.
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Figure 41. Ultrasonic drying curves for softwood samples.

Ultrasonic drying takes place in two phases: a relatively constant-rate drying period followed by a
falling-rate drying period. The constant drying rate period corresponds to the removing of free
water within the pores of paper, while the falling drying rate period is governed by the associated

(bound) water trapped inside the fibers. This is typical regardless of drying mechanism.

Figure 42 summarizes the results of comparing Figure 40 with Figure 41 in terms of total time of
ultrasonic drying. This figure implies that in general, unrefined samples dry faster than refined
samples and the drying time for softwood is lower than hardwood. In addition, increasing the
thickness and the initial moisture content of the sample increase the drying time. The shortest and

longest drying times correspond to S-unR-100-0.3 and H-R-150-0.6, respectively. These
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observations are potentially related to the structure and the pore characteristics of the samples. In
general, hardwood has lower Canadian Standard Freeness and higher Water Retention Value
compared to softwood, which makes it harder to dry. It is important to mention that for refined
samples, these results may vary depending on the refining method. Furthermore, hardwood is
denser than softwood and therefore its permeability is lower. This will be addressed in more detail

in the next sections.

To analyze the results of the 22 factorial design of experiments, two response values are considered
in this paper, including the total time of drying and the area under the drying curve. These two

cases are discussed in the next sections.
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Figure 42. Comparing the total time of ultrasonically dried (direct-contact mechanism) hardwood and
softwood samples
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4.2.5 Effect of Controlling Factors on Total Drying Time

The analysis of variance (ANOVA) is done for both hardwood and softwood samples and each

experiment is repeated 5 times. The results of ANOVA for total time of drying are summarized in

Table 10 and Table 11 for hardwood and softwood, respectively.

Table 10. ANOVA for total time of drying for hardwood samples.

Degree
; Sum of Mean
0
Source Squares | Square F P
Freedom (s5) MS)
(DF)
Initial DBMC 1 10004.2 | 10004.2 480.20 0.000
Thickness 1 31537.5 | 31537.5 | 1513.80 0.000
Refining Condition 1 9204.2 9204.2 441.80 0.000
Initial DBMC*Thickness 1 704.2 704.2 33.80 0.000
Initial DBMC*Refining Condition 1 2604.2 2604.2 125.00 0.000
Thickness*Refining Condition 1 1504.2 1504.2 72.20 0.000
Initial DBMC*Thickness* Refining
- 1 2604.2 2604.2 125.00 0.000
Condition
Error 16 333.3 20.8
Total 23 58495.8

Figure 43 shows the Pareto charts of the standardized effects, which determines the magnitude and
the importance of the effects, both for the main factors and their interactive effects. The reference
line, the red line on the charts, depends on the significance level, which is defined as 0.05 in this

study and the bars that cross this reference line are statistically significant.
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Table 11. ANOVA for total time of drying for softwood samples.

Source DF SS MS F P

Initial DBMC 1 6666.7 | 6666.67 106.67 0.000
Thickness 1 8816.7 8816.67 141.07 0.000
Refining Condition 1 3266.7 | 3266.67 52.27 0.000
Initial DBMC*Thickness 1 600.0 600.0 9.60 0.007
Initial DBMC*Refining Condition 1 416.7 416.67 6.67 0.020
Thickness*Refining Condition 1 266.7 266.67 4.27 0.055
Initial DBMC*Thickness* Refining
Condition 1 150.0 150.0 2.40 0.141
Error 16 | 1000.0 62.50
Total 23 | 211833
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Figure 43. Pareto charts of the standardized effects from ANOVA analysis for total time of ultrasonic drying:
(a) hardwood and (b) softwood.

Figure 43 shows that for both hardwood and softwood, of the parameters explored, thickness has
the maximum effect on ultrasonic drying time followed by initial DBMC and refining condition
of the pulp. The interactive effects of the parameters are less important for predicting the ultrasonic
drying time. The results of linear regression analysis for total time of ultrasonic drying are reported
in Table 12. The coefficients of determination, R?, are 99.43% and 95.28%, meaning that the model
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could account for 99.43% and 95.28% variability in data, respectively for hardwood and softwood.
According to ANOVA analysis, the models show a significant effect of the studied factors on
drying time (p < 0.01). These data imply that the predicted correlations by linear regression

analysis are adequate in describing drying time.

Table 12. Coefficients for equation (4-4) calculated from linear regression analysis.

RZ
BO ﬂl ﬂz 33 BIZ BIS BZS 3123 (0/0)
Drying
. 50 0.166667 | 61.1111 100 1.44444 -0.833333 -294.444 2.77778 99.43
time (sec)
Area
under the
Hardwood Drying -82.479 1.10789 164.350 | 138.741 | 0.253337 -1.16480 -433.616 3.84026 97.80
Curve
(%.min)
Whiteness
ind 74.8997 | -0.01433 | -4.1305 | -1.8087 | 0.0856239 | 0.0116954 4.79607 -0.0183577 | 97.4
index
Drying
. 68.3333 | 0.066667 | -38.888 5.0 1.33333 0.133333 61.1111 -0.666667 | 95.28
time (sec)
Area
under
Softwood
drying -22.699 | 0.626696 | -112.48 | 57.1106 1.80972 -0.436389 -77.1581 0.647876 99.34
curve
(%.min)
Whiteness
ind 55.3066 | 0.100659 | 42.1567 | -0.2184 | -0.273384 | 0.00405267 0.731954 -0.0079145 | 96.2
index

It should be noted that there is a lack of detailed fundamental work on ultrasonic dehydration in
the literature and therefore, no in-depth understanding of the phenomena in moist porous material.
In chapter 6, the ultrasonic atomization phenomenon, as the main mechanism in ultrasonic drying
of a porous medium, in microscale is explored and the impacts of non-dimensional parameters on
the process, including Reynolds number, Weber number, Strouhal number, and Froude number,

are investigated.
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4.2.6 Effect of Different Factors on the Area Under the Drying Curve

In the second case, the response value is the area under the drying curve, which represents the total
change in DBMC at the total time of drying. The results of ANOVA for the area under the drying
curve are summarized in Table 13 and Table 14, for hardwood and softwood, respectively.

Table 13. ANOVA for area under the drying curve for hardwood samples.

Source DF SS MS F P
Initial DBMC 1 22395.1 | 22395.1 270.62 0.000
Thickness 1 20748.2 | 20748.2 250.72 0.000
Refining Condition 1 4722.7 4722.7 57.07 0.000
Initial DBMC*Thickness 1 21.7 21.7 0.26 0.616
Initial DBMC*Refining Condition 1 4759.8 4759.8 57.52 0.000
Thickness*Refining Condition 1 1163.4 1163.4 14.06 0.002
Initial DBMC*Thickness* Refining 1 4977.3 4977.3 60.15 0.000
Condition
Error 16 1324.1 82.8
Total 23 | 60112.2

Table 14. ANOVA for area under the drying curve for softwood samples.

Source DF SS MS F P
Initial DBMC 1 31150.3 | 31150.3 | 1855.73 0.000
Thickness 1 6984.9 6984.9 416.12 0.000
Refining Condition 1 440.4 440.4 26.24 0.000
Initial DBMC*Thickness 1 1105.3 1105.3 65.85 0.000
Initial DBMC*Refining Condition 1 314.7 314.7 18.75 0.001
Thickness*Refining Condition 1 7.9 7.9 0.47 0.502
Initial DBMC*Thickness* Refining 1 141.7 141.7 8.44 0.010
Condition
Error 16 268.6 16.8
Total 23 | 40413.9

101




Figure 44 shows the Pareto charts of the standardized effects for this case. This figure represents
that for this case, initial DBMC and thickness have the maximum effects. For hardwood, the effect
of refining condition of the pulp is after the interactive effect of initial DBMC and thickness (AB)
effect. The results of the linear regression for the correlation predicting area under the drying curve
are provided in Table 12 both for hardwood and softwood. R? values show the high accuracy of

the predictions using linear regression in this case.
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Figure 44. Pareto charts of the standardized effects from ANOVA analysis for area under the ultrasonic
drying curve: (a) hardwood and (b) softwood.

The quality of the product is a very important factor in determining the applicability of any drying
technology. In the next sections, the measurements related to color, microstructure, surface
roughness, and the tensile strength of the hand-sheets dried using ultrasound mechanism are
provided.

4.2.7 Colorimeter Measurements

Figure 45 compares the whiteness index for an ultrasonically dried hand-sheet (H-R-150-0.3) with
a sample dried using conductive heating at 80 °C. This figure shows that direct-contact ultrasonic

drying slightly improves the whiteness index and therefore the product quality.

Figure 46 summarizes the results of color measurements for all samples. The maximum standard
deviation for all data is 0.02. In this figure, L* is the lightness index, a* is the red-greenness index,

and b* is the yellow-blueness index. Figure 46 shows that the hardwood samples have higher
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brightness index compared to softwood samples. The redness in softwood samples is more than

hardwood samples, however the yellowness is higher in hardwood samples.
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Figure 45. Comparison of whiteness index for ultrasonic drying with heat conductive drying at 80 °C for H-
R-150-0.3.
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Figure 46. Colorimeter measurements (L*a*b*) for hardwood and softwood samples dried using ultrasound
mechanism.
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The results of colorimeter measurements for the change in color index (AE) and whiteness index

(W1) for ultrasonically dried hand-sheets are shown in Figure 47.

Change in color after drying is between 1 to 6 and the whiteness index is higher for hardwood

samples, as expected from lightness index measurements (Figure 47).
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Figure 47. Change in color and whiteness index of ultrasonically dried hand-sheets.

The results represent that overall, the change in color and whiteness index for refined samples are
higher than unrefined samples. In addition, increasing the thickness and increasing the initial
moisture content, increase WI. Furthermore, increasing the lightness index with increasing the
thickness is an implication of increasing the porosity of the samples with increasing the thickness.

More details will be addressed in the next section.

ANOVA analysis is done for WI and the results show that thickness has the maximum effect on
W] of the hand-sheets dried with ultrasound mechanism. The results of linear regression analysis

are reported in Table 12.
4.2.8 Microscopic Measurements

Paper is a porous medium and one of the important parameters in determining its properties is

porosity (g). Figure 48 and Figure 49 show the pore distribution in the optical microscopic images
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for hardwood and softwood hand-sheets. It should be noted that the initial DBMC for all the

samples is 150%.

Figure 48. Optical microscopic images for hardwood samples dried with ultrasound mechanism. The initial
DBMC for all the samples is 150%. Magnification is 1000X.
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Figure 49. Optical microscopic images for softwood samples dried with ultrasound mechanism. The initial
DBMC for all the samples is 150%. Magnification is 1000X.

Comparing the microscopic images for hardwood and softwood reveals the differences in the fiber
sizes and pore sizes in different samples. Unrefined samples have larger pores compared to refined
samples, while refined fibers are more uniform compared to unrefined fibers. Additionally, the
fibers are coarser and longer in unrefined samples. Softwood samples have coarser fibers
compared to hardwood samples. Using ImageJ software, thresholding is applied to these
microscopic images to measure the pore volume percentage of the hand-sheets in 2D. Figure 50
summarizes the results of these 2D measurements. This figure shows higher pore volume for
unrefined samples compared to refined samples. 2D pore volume for softwood samples is higher
than hardwood samples. Increasing the thickness, slightly increases the pore volume. These
findings are evident that unrefined samples dry faster than refined samples and the drying rate for
softwood is higher than that for hardwood.
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Figure 50. 2D porosity measurands using thresholding of the microscopic images of samples dried with
ultrasound mechanism. The initial DBMC for all the samples is 150%.

4.2.9 Profilometry Measurements

Color view of the surface profiles for hardwood and softwood samples are shown in Figure 51 and

Figure 52, respectively. It should be noted that the initial DBMC for all the samples is 150%.

The surface roughness depends on the species and texture uniformity. In this study, TAPPI T205
standard is used for preparing the samples, however the bulging effect during the experiments

might have influenced the smoothness of the surface and its uniformity.
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Figure 51. Color view of roughness measurements for hardwood samples. It should be noted that the initial
DBMC for all the samples is 150%.
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Figure 52. Color view of roughness measurements for softwood samples. It should be noted that the initial
DBMC for all the samples is 150%.
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Figure 53 shows the results of profilometry measurements. The max standard deviation is 0.05. Sa
is the average roughness, Sq is the root mean square roughness evaluated over the complete 3D

surface. Sz is the maximum height of the areal surface, which is the peak to valley height.

1 -
sa =7 || 1zGlaxdy (4-5)
(4-6)
1
Sq = \/Zﬂ- Z?%(x,y)dxdy
Sz =min(Z(x,y)) + max (Z(x,y)) (4-7)

where Z(x,y) are the heights over the surface A in the (x,y) plane.

Figure 53 shows that refined samples have lower roughness compared to unrefined samples.
Overall, the roughness indices for softwood samples are higher than hardwood samples. Hardwood
samples are more uniform, and they are more suitable for producing smoother surfaces.
Qualitatively, the bigger picture here is that ultrasonic drying does not change the behavior of

softwood and hardwood after drying.
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DBMC for all the samples is 150%.

4.2.10 Tensile Strength Measurements

Tensile strength plays a significant role in various applications of paper products.

Figure 54 compares the tensile strength for H-R-150-0.3 dried using ultrasound mechanism and

using conductive heating at 80 °C. The results show that ultrasonic drying does not seem to

decrease the tensile strength.

110



o

Stress (MPa)

Urasound Deyirng
w— Corvductve Drying |

L

0 1 2 3 4 5 € 7 8

Strain (%)

Figure 54. Comparing stress-strain curves for H-R-150-0.3 dried with ultrasonic drying and with conductive
heat drying at 80 °C.

The tensile strength measurements revealed that moisture content does not show much influence
on the tensile strength of the dried samples within the range of the parameters considered in this
study. The stress-strain curves for the samples at 100% DBMC and for the center points are
illustrated in Figure 55 and Table 15 summarizes the results. In general, the refined pulps have a
higher ultimate tensile strength (UTS) compared to that of unrefined pulps. According to
Motamedian et al. [116], refining is a common procedure in paper making industry to improve the
mechanical properties of the final product. In addition, the tensile strength is affected by the sample
basis weight and thickness. The hand-sheet with a higher thickness has a lower strength because
of the stress gradients in the thickness direction. Hagglund et al. [117] proposed a linear elastic 2D
finite element analysis to model the stress field under the jaws. The model proposes that the
clamping condition during the test results in higher stresses at the surface and lower stresses in the
middle of the sheet. Batchelor et al. [118] showed that the level of stress concentration highly
depends on the thickness and the grammage of the paper samples. As a result of the stress gradients

in the thickness direction, increasing thickness and grammage reduces the strength of the sample.
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Furthermore, the tensile strength for the center points is between the tensile strengths for refined

and unrefined samples.
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Figure 55. Stress-strain curves for different types of pulps with different thicknesses.

Table 15. Ultimate tensile strain and ultimate tensile stress for different samples.

Sample Ultimate Tensile Strain (%) Ultimate Tensile Strength
(MPa)
H-unR-100-0.3 2.58 6.28
H-unR-100-0.6 4.31 6.67
H-Center Point 4.6 9.47
H-R-100-0.3 7.64 13.29
H-R-100-0.6 7.63 12.15
S-unR-100-0.3 4.4 5.57
S-unR-100-0.6 3.39 6.6
S-Center Point 11.07 17.29
S-R-100-0.3 13.05 33.93
S-R-100-0.6 10.61 27.49

112




4.2.11 Energy Analysis

4.2.11-a Energy Consumption of the Power Amplifier

Before discussing the details about the energy efficiency of ultrasonic drying, the energy efficiency
of the setup and the power amplifier is studied. A power consumption meter is connected to the
power amplifier and the power consumption for three stages including: (1) power amplifier is on
but 0 power goes to the transducer, (2) power amplifier is on and inputs 10 W power to the
transducer, and (3) power amplifier is on but O power goes to the transducer. Figure 56 shows the
power consumption at different stages. According to these measurements, inputting 10 W power
to the transducer increases the energy consumption by 60 W. In addition, when the input power to
the transducer is 0, the power amplifier consumes about 350 W energy just to be turned on. This
energy is consumed by the internal components of the power amplifier and gets wasted as heat. A
part of that is due to the wide range of frequencies and powers the power amplifier has. Therefore,
it is recommended to design and build power amplifiers with a narrower range of frequencies and
powers regarding the transducers used in this study in order to increase the energy efficiency of

the setup itself.
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Figure 56. Power meter measurements for three stages of input power to the transducer.
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4.2.11-b Energy Efficiency and Drying Rate

It is very important to apply sufficient electrical power to the transducer to induce atomization of
water in the moist medium. For the transducer used in this study under the operating frequency of
1.7 MHz, 10 W power is applied to allow for the atomization to take place. As the sample gets
dried, due to the changes in impedance, the load power to the transducer changes by drying time.
The records show that the changes of load power, for the transducer used in this study, during all
the experiments is almost the same and it is represented in Figure 57.

1 T T

10

Load Power (W)

0 0.5 1 1.5 2 25 3
Time (min)

Figure 57. Changes in load power as a function of drying time for the transducer used in this study. 10 W
forward power is applied to the transducer.

The following equation is defined to calculate the energy factor (EF), which is defined as the ratio
of the energy required for evaporation to the total load power (LP) applied to the transducer:

(m; — my)hggy (4-8)

EF = [LP(t)dt

where m; and my are the initial and the instantaneous mass of the sample. hs is the latent heat of
evaporation and it is assumed to be constant at 2500 kJ/kg. t is the time.
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Figure 58 and Figure 59 compare the energy factor and drying rates for all the experiments
conducted as a function of time. The energy factor (and similarly drying rate) initially increases
with the drying time mainly because of the increase in the direct-contact ultrasound transducer
surface temperature. However, after reaching its maximum, it decreases simply due to the drop in
the available moisture to atomize especially on the sample surface exposed to the ambient air. The
overall results confirm that, the unrefined samples have higher energy factors compared to refined
samples. This finding agrees with the fact that unrefined samples dry faster than refined samples.
It should be mentioned that the load power changes during time is slightly different for different
samples whish also impacts the results of the calculations for the energy factor. In general, the
results show that ultrasonic drying is less energy efficient compared to direct thermal drying for
the operating conditions considered in this study. As it was illustrated in section 4.2.2, ultrasonic
drying has higher drying rates at higher moisture contents. This can be observed from the energy
factor plots in Figure 58 and Figure 59, which energy factor is higher at 150% DBMC compared
to that of 100% DBMC. To confirm the effectiveness of ultrasonic drying at high moisture content
levels, an additional test was conducted with a paper hand-sheet with initial DBMC of 700% (H-
R-700-0.3). As shown in Figure 60, the ultrasound energy factor reaches to about 1.7, illustrating

the increase in effectiveness of ultrasonic drying with the increase in moisture content.
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Figure 58. Comparing the energy factor for hardwood samples.
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Figure 60. Illustration of the effect of high moisture content on DBMC and energy factor for H-R-700-0.3.

The above analysis assumes that the efficiency of evaporation in a heating process is 100%
however, in real cases the efficiency is less than 1 (around 50-60% for a typical drying process).
Therefore, in reality, ultrasonic drying has higher energy efficiencies than the numbers calculated

in this section.
4.3 Summary and Conclusions

Hardwood and softwood hand-sheet samples are dried using direct-contact ultrasound mechanism.
The results confirmed that ultrasonic drying mechanism is more efficient at higher moisture
content levels. IR camera images for the temperature on the surface of the transducer revealed that
by applying ultrasound, first the temperature in the center increases and then by propagating the
oscillations through the surface of the transducer, the temperature increases through the surface.
Comparing the drying curve of ultrasound mechanism with the drying curve from thermal drying
at 80 °C showed a significant decrease in drying time. ANOVA was done for both hardwood and
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softwood. The independent factors in the analysis include initial moisture content, thickness, and
refining condition of the pulp and two high and low levels were considered for each factor. The
results showed that for the total time of ultrasonic drying, the thickness has the maximum effect
and after that initial moisture content is important. These findings for ultrasonic drying behavior
of paper samples are related to the structural characteristics of the samples. Therefore,
microstructure of the samples was investigated and the surface profilometers were measured. The
results showed that softwood fibers are coarser than hardwood fibers. Therefore, the pores in
softwood are larger and the porosity is higher compared to hardwood. In addition, unrefined
samples have larger pores compared to refined samples and hence, unrefined dries faster.
Therefore, as it is expected, the structure of the sample (refined, unrefined, or a mixture) has a
significant impact on drying curve. The quality of the ultrasonically dried samples was measured
using colorimeter analysis for whiteness index. Using regression analysis, two equations for both
hardwood and softwood are provided. These equations describe the total time of drying and
whiteness index. To analyze the energy efficiency of the ultrasonically dried samples, energy
factor was defined as the ratio of the energy required for evaporation to the energy that generates
the ultrasonic vibrations. The higher energy factor means the process is more energy efficient. The
results showed that the energy factor for direct-contact ultrasonic drying for the current setup is
0.2-0.6. This implies that better design of transducers is required to increase the efficiency of the
process. Furthermore, increasing the initial moisture content to 700% resulted in higher energy
efficiency for ultrasonic drying compared to thermal drying. The energy factor for unrefined
samples is higher than refined samples, which agrees with the fact that unrefined samples dry faster
than refined samples. The refined samples showed higher tensile strength comped to that of
unrefined samples. These results confirm the significant impact of ultrasonic drying for reduction
of energy consumption and carbon footprint as a green and sustainable energy source. This study
provided the foundation for the next studies of fundamental understanding of ultrasound

mechanism for porous media drying.
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Chapter 5: Airborne Power Ultrasound for Paper

Drying: An Experimental Study

As it was shown in the previous chapter, in a direct-contact ultrasonic drying setup, the moist
sample must be in direct contact with the vibrating transducer surface. In this chapter, a novel
approach for paper drying using airborne ultrasound technology is presented. A unique
experimental setup is developed, and a systematic study is applied using 22 factorial design of
experiments and Analysis of Variance. Three controlling factors are considered in the experiments
including the initial moisture content, basis weight, and refining condition. The outcome of the
experiments is compared to the results of the previous chapter on direct-contact ultrasonic drying
of paper. The results confirm that similar to direct-contact, for airborne ultrasonic drying, the basis
weight/thickness of the sample is the most important factor in ultrasonic drying and it is followed
by the effect of initial moisture content. Using linear regression model, two correlations for
predicting the total time of ultrasonic drying and the area under the drying curve are provided.
Quality of the dried samples are evaluated, and the permeability measurements confirmed the
effect of pore characteristics on ultrasonic drying. The analysis for energy consumption reveals

that airborne ultrasonic drying is more efficient at higher moisture contents.

Keywords: Airborne ultrasonic drying; non-contact ultrasonic drying; paper drying; energy

analysis.

5.1 Experimental Setup and Methods

5.1.1 Experimental Setup

An experimental testing fixture has been designed in Solidworks 2021 and assembled as shown in

Figure 61. This setup allows to change the distance between the sample and the surface of the

transducer and also gives the possibility of using IR camera for monitoring the temperature of the

transducer from underneath. Figure 62 shows the experimental setup with the installed ultrasound

device. The main components include the transducer part, electric power generator or EPG (power

amplifier and dynamic resonance controller) and sample holder. The maximum acoustic intensity
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for this airborne transducer in free field is 160 dB, according to the manufacturer. For safety
purposes, composite double layers soundproofing foams were used to reduce the sound level
around the transducer to less than 80 dB. It should be noted that this is an open system, and the
door of the setup was kept open during the experiments. This airborne transducer was purchased
from Pusonics S.L., Spain, and according to the manufacturer [119], it is composed of a
piezoelectric Langevin-type sandwich, a mechanical amplifier or horn, and an extensive radiator,
that provides the required impedance to match with the media. This transducer extends the
vibrating surface of the sonotrode to create a larger vibrating surface inside the dryer (Figure 63).

2\
X

Figure 61. Left picture: The Solidworks schematic of the experimental testing fixture. Right picture: The
assembled experimental fixture in the lab.

In this study, two different transducer plates are examined. The first transducer plate is made from

aluminum (Al) and its dimensions are 57x30.8x4 cm. The working frequency for this plate is 21
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kHz and the maximum ultrasound power (the maximum power recommended by the
manufacturer) is 200 W. Unfortunately, this transducer got damaged due to ultrasonic fatigue, after
a few weeks of running experiments and therefore, the manufacturer replaced the plate with a
titanium (Ti) plate. The dimensions of the titanium plate are 43.3x23.4x3.15 cm. The working
frequency for the second plate is also 21 kHz but the maximum applied power is 225 W. A closer

look at both transducers and the sample holder are represented in Figure 64 and Figure 65.

Power Amplifier

Figure 62. The experimental setup for non-contact ultrasonic drying.
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Figure 63. Airborne power ultrasonic transducer with a rectangular plate radiator [119].

The distance between the transducer plate and the sample has a significant role on the drying
behavior. The maximum drying efficiency for the Al plate is at 15 mm from the plate and for the

Ti plate is at 4 mm from the plate. This will be discussed in detail in the next sections.

| Transducer plate |

[sarmpe |

Sample holder

=N

Figure 64. Schematic of the airborne ultrasound transducer and the sample holder (left side). Side view of Al
plate (right side).
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Figure 65. Bottom view and side view of Ti plate.

Two different types of sample holders are studied. The first sample holder is a solid plate, which
only allows drying to occur from the top side of the sample. The second sample holder is a mesh
which allows drying from both sides (top and bottom). In addition, in the case of solid sample
holder, the gravity prevents the water to escape from the sample but in the case of the mesh sample
holder, it works in favor of water removal. The weight of the samples was measured intermittently
at about 2 - 3 min intervals using a microbalance (Sartorius BCE6200 with 0.001 g accuracy). The

samples’ thickness was gauged using a digital thickness gauge with 0.002 mm accuracy.

The pulps used in this study, hardwood and softwood, both refined and unrefined, were Northern
Bleached Hardwood Kraft (NBHK) and Northern Bleached Softwood Kraft (NBSK). The hand-
sheet making procedure was followed according to TAPPI T205 standard to reach to 150% dry-
basis moisture content (DBMC). For the cases with 120% initial DBMC, the samples were dried
at ambient to reach to the desired moisture content. The hardwood pulps and refined softwood
pulp were slurries with 4% consistency and by adding water, the targeted initial weight was
obtained. However, the unrefined softwood pulp was a dried sheet that was disintegrated in water
to reach to the desired consistency. The pulp consistency is defined as the percentage by weight of

oven-dry fibers in a stock suspension (slurry). The diameter of the hand-sheets was 15.9 cm.
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The uncertainty analyses for the derived quantities are represented in Table 16 and was done
according to Kline and McClintock [114].

Table 16. The derived uncertainty of the experimental data.

Derived Quantity Maximum Uncertainty
DBMC +6.2%
Whiteness index +0.5%
Permeability +5.7%
Energy factor +4.24%

An FLIR infrared camera along with fiber optic temperature sensors (Micronor, TS3) and a signal
conditioner (Micronor, FOTEMP4-PLUS) are used for temperature measurements.

For colorimeter measurements, ColorFlex EZ is used based on CIELAB color space (L*a*b*). For
paper drying, Whiteness Index (W1) is the most important criteria depending on the application of
the paper and it can be calculated using the following equation:

Wi =100 — J(100 — 192 + (@ + b*) 1)
where L™ is the lightness index, a” is red-greenness index and b* is yellow-blueness index. For the
tensile strength measurements, Multitest-dV Mecmesin device is employed for rectangular
samples. To be able to compare the results with direct-contact ultrasonic drying, the samples are
19.8 mm in length and 5 mm in width. The distance between the grips is fixed at 9 mm.

In addition, Model 4340 Automatic Densometer & Smoothness Tester is used to measure Gurley
seconds for each sample, following the procedure of Gurley methods (TAPPI standard T460). The
Gurley second or Gurley unit is a unit that describes air permeability as a function of the time
required for a specified amount of air to pass through a specified area of a separator under a

specified pressure. Darcy’s law then is used to calculate the permeability of the paper samples:
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0~ z_z AP (5-2)

where Q is the volumetric air flow (m®/s), k is permeability (m?), a is the opening area (m?), u is
dynamic viscosity of fluid (kg/(m.s)), b is the sample thickness (m), and AP is the pressure drop
across the sample (Pa). The value of Q is 100 cc and a is 6.45 cm? (for a circular area of paper)

using a pressure differential of 1.22 kPa.
5.1.2 Experimental Method

The method applied for analyzing the experimental results was 22 factorial design of experiments.
This method allows to understand the individualized effect of the controlling factors as well as
their interactive effects. The three main factors in this research include initial DBMC, basis weight,
and refining condition. Table 17 and Table 18 indicate the high and low levels for these three
factors for hardwood and softwood samples, respectively. For simplicity, the abbreviations
provided in Table 17 and Table 18 are employed in this paper. The last row in this table is the
center point of the cube. The center points are halfway between the low and high levels and their
importance comes to play when replicating the cube is expensive and time consuming. Analysis
of Variance (ANOVA) was applied for the statistical analysis using Minitab software and p-values
less than 0.05 were considered statistically significant. Linear regression analysis was done to

investigate the effect of the controlling factors on the total time of ultrasonic drying.

The data for direct-contact ultrasonic drying of paper samples are used from the previous chapter.
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Table 17. High and low levels of factors for 22 factorial design of experiments for hardwood (H). R defines
refined and unR defines unrefined.

Abbreviations ractors
Initial DBMC (%) | Basis Weight (g/m?) | Refining Condition
H-unR-120-160 120 160 Unrefined
H-unR-150-160 150 160 Unrefined
H-unR-120-325 120 325 Unrefined
H-unR-150-325 150 325 Unrefined
H-R-120-160 120 160 Refined
H-R-150-160 150 160 Refined
H-R-120-325 120 325 Refined
H-R-150-325 150 325 Refined
H-Center Point 135 242 50% R & 50% unR

Table 18. High and low levels of factors for 22 factorial design of experiments for softwood (S. R defines
refined and unR defines unrefined.

Abbreviations ractors
Initial DBMC (%) | Basis Weight (g/m?) | Refining Condition
S-unR-150-160 150 160 Unrefined
S-unR-200-160 200 160 Unrefined
S-unR-150-325 150 325 Unrefined
S-unR-200-325 200 325 Unrefined
S-R-150-160 150 160 Refined
S-R-200-160 200 160 Refined
S-R-150-325 150 325 Refined
S-R-200-325 200 325 Refined
S-Center Point 175 242 50% R & 50% unR
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5.2 Results and Discussion

5.2.1 Acoustic Characterization of the Transducer Plate in Near Field

The information discussed in this section are provided by Pusonics S.L. and the copyright has been

received.

5.2.1-a Aluminum Plate

For the Al plate, the characterizations are based on the experiments conducted at Pusonics
facilities. The Al plate has 12 nodal lines, and the stationary field is characterized by the
measurement of the sound pressure level (SPL) generated by the transducer. The measurements
are done by placing a microphone over a reflecting plate and the acoustic pressure is recorded by
changing the distance between the plate and the reflector. Figure 66 shows the experimental setup
used by Pusonics to do the acoustic pressure measurements.

Figure 66. The experimental setup used by Pusonics to measure the acoustic pressure at different distances
from the Al plate [120].
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Figure 67 shows the acoustic pressure distribution at a plane placed at 3 mm from the Al plate and

the applied power is 50 W. This figure shows the 12 nodal lines across the plate.

Sound prassure Level (SPL). XY plane, Z=3mm. S0W
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Figure 67. Sound pressure distribution at a plane parallel to the Al plate at 3 mm from the plate [120].

The pressure distribution in the free filed under the transducer is not uniform and it varies with

distance from the plate. This can be seen in Figure 68.
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Figure 68. Pressure distribution in a transversal — perpendicular plane of the rectangular Al plate, in free
field [120].

The average pressure at distances from the Al plate is plotted in Figure 69. This figure illustrates
that there are a series of maximum and minimum peaks at different distances from the Al plate.
However, the highest values of the average acoustic pressure are obtained at distances very close
to the Al plate, with the first maximum being at 15 mm [120]. Therefore, in all the experiments
conducted using the Al plate, the distance from the plate is fixed at 15 mm, unless otherwise is
specified.
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Figure 69. The average pressure from the Al plate at different distances [120].

5.2.1-b Titanium Plate

-

For the Ti plate, the characterizations are based on numerical simulations conducted by Pusonics

[121]. Figure 70 shows the pressure distribution along the axis of the plate.
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Figure 70. Pressure distribution along the axis of the Ti plate [121].
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These measurements are done at the center of the plate and at different distances from the plate.
This plot shows that the maximum of acoustic pressure occurs at 3.9 mm, 66.8 mm, 164.2 mm,
and 178.9 mm from the Ti plate [121]. To have a better understanding of the pressure distribution
at these peaks, the contours of pressure at planes parallel to the plate are illustrated in Figure 71.
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Figure 71. Contours of pressure at planes parallel to the Ti plate at different distances]: 3.9 mm, 66.8 mm,
164.2 mm, and 178.9 mm [121].

Figure 71 shows that at each plane, the pressure values are maximum near the center of the
transducer plate and the high-pressure regions are more uniform at 3.9 mm distance. To support
these observations, the average pressure in planes parallel to the Ti plate is plotted in Figure 72.
According to this plot, the average sound pressure is maximum at near field of the transducer plate.
This graph is different than the pressure distribution along the axis, because in this case, the energy
contained in the whole plane parallel to the Ti plate is plotted. Based on the information provided
by Pusonics, the maximum energy is at 3.9 mm from the Ti plate and the second peak for this plot
is at 12.4 mm. The contours of pressure at this distance are shown in Figure 73. According to these

results, Pusonics recommended to place the transducer as close as possible to the sample,
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preferably at a distance about 4 mm [121]. Hence, in all the experiments conducted by this

transducer plate, the distance is fixed at 4 mm, unless otherwise is specified.

Evolution of average sound pressure with the distance
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Figure 72. Evaluation of average sound pressure with distance from Ti plate [121].
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Figure 73. Contours of pressure at 12.4 mm plane parallel to the Ti plate [121].

5.2.2 Effect of Sample Holder

Two different sample holders are employed in this study. The first sample holder is a solid plate
that is placed underneath the sample. In this case, the drying can only occur from the top surface
of the sample. In this study, all the experiments for hardwood samples using Al plate are conducted
using the solid sample holder. After receiving the Ti plate, two experiments were conducted using
a solid sample holder and using a mesh sample holder. The mesh sample holder is shown in Figure

74. The size of the holes are about 5 mm.
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Figure 74. Mesh sample holder used in the drying experiments with the Ti plate.

In order to compare the drying performance using the solid sample holder and mesh sample holder,

two drying experiments are conducted for a similar sample. The results are plotted in Figure 75.

As it is illustrated, the drying time reduces by using the mesh sample holder instead of the solid

sample holder. The reason for it is that in the case of a mesh sample holder, the drying can occur

the drying rate enhances significantly.

from both top and bottom of the sample and therefore
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Figure 75. Comparing the drying curve for a sample dried using solid holder and a sample dried using mesh
holder. Ti plate is used for these experiments and the sample is S-R-150-160.

5.2.3 Thermal Effect of Airborne Ultrasonic Drying

In this section, the Ti plate is used to investigate the thermal effects of airborne ultrasonic drying.
Infrared images of the transducer plate from the bottom view and side view are shown in Figure
76 and Figure 77, respectively. The maximum temperature at the bottom of the plate is 40 °C.
Figure 78 shows the measured temperatures at different distances underneath the transcuer plate
at three different locatins. The temperature measurments are conducted using fiber optic sensors.
Figure 78 shows that at a fixed distance, the temperature difference between the center and the two
sides of the rectangular plate is about 2 °C and the temperature decreases as the distance increases.
In addition to the conversion of electrical power to heating energy in the plate, part of the
temperature rise underneath the transducer plate is due to the absorption of ultrasonic waves and
the other part is caused by the turbulent flow generated near the sample surface due to the

vibrations, which enhances heat and mass transfer. These observations agree with literature such
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as [122-124]. Therefore, unlike the direct-contact ultrasonic drying, which the transducer’s
temperature increased up to 80 °C during drying (chapter 4), non-contact ultrasonic drying is a
lower-temperature technology. Hence, as stated by Zhang and Abatzoglou [47], the heating effect
can be much more important in direct-contact ultrasonic drying and depending on the application,

it may be beneficial or disadvantage for the process.

18:43
111172022 24

Figure 77. Infrared image of the side view of the transducer plate (Ti plate).
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Figure 78. The effect of distance from the plate on temperature (Ti plate).

The decrease in the temperature by increasing the distance from the plate is due to the fact that the
average sound pressure level at planes parallel to the plate decreases by increasing the distance.
As it was discussed above, from the information provided by Pusonics S.L., the maximum sound
energy for the Ti plate is at about 4 mm distance from the plate. To confirm this observation, the
drying curves of a similar sample at different distances from the transducer plate are illustrated in
Figure 79. It is obvious that the drying curve slope is maximum at 4 mm distance from the plate

and the drying time increases by increasing the distance.
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Figure 79. The effect of distance from the plate on drying curves for S-R-150-160 sample dried using Ti plate.

5.2.4 Comparing Airborne Ultrasonic Drying with Conductive Heat Drying

Since the temperature rises up to 40 °C at 4 mm underneath the transducer, the airborne ultrasonic
drying is compared with conductive drying at 40 °C in Figure 80. It is illustrated that airborne
ultrasonic drying decreases the drying time by 9% compared to hot plate drying. The favorable

impact of airborne ultrasonic drying on quality of the dried sample will be discussed in the next

sections.
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Figure 80. Comparing the drying curves for airborne ultrasonic drying (Ti plate) and conductive heating at
40 °C for S-R-150-160.

5.2.5. Temperature Inside the Sample

To measure the temperature inside the sample underneath the transducer, a sandwich of two
identical handsheets are made and three fiber optic thermocouples are mounted in between them.
The two handsheets are refined softwood with initial moisture contents of 150%. The weight of
each sample is chosen such that the total basis weight of the sandwich is 325 g/m?. One
thermocouple is placed at the center and two other thermocouples are placed 7 cm away from the
center in the diameter of the handsheet. The sandwich sample is placed underneath the transducer
in the longitudinal direction. Figure 81 shows the results of temperature measurements inside the
sandwich. There are some instabilities in the temperatures in time. One reason for these
fluctuations is the movement of air (compression and expansion cycles) by the ultrasonic waves
underneath the transducer in addition to the possible impact of the changes in the moisture content

of the sample. The temperature at the center of the sample has the maximum value compared to

139



the other two temperatures. The trend is that initially the thermocouples are at room temperature
but when it is placed underneath the transducer, the temperature increases. As the sample gets
dried, the amount of energy consumed for evaporation decreases and as a result, the temperature
increases by time. At the end, when the sample is completely dried, the temperature reaches to the
maximum temperature measured in free field from Figure 78 above.
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Figure 81. Temperature measurements inside a sandwich sample during airborne ultrasonic drying for S-R-
150-325 (Ti plate).

5.2.6 Analysis of the Factorial Design of Experiments

The experiments for the hardwood samples are conducted using the Al plate and the solid sample
holder. After that due to the ultrasonic fatigue the transducer stopped functioning. Therefore,
Pusonics manufactured the Ti plate and the experiments for the softwood are conducted using the
Ti plate. In addition, since the drying rate enhanced by using the mesh sample holder, the

experiments for softwood samples are conducted using the mesh holder. It should be mentioned

140



that the results from the two plates cannot be compared one by one as the transducers have different

characteristics. However, the qualitative behavior will be compared.

The drying curves for the ultrasonically dried hardwood and softwood samples are shown in Figure
82 and Figure 83. The final DBMC of the dried samples is ~3%. The experiments are repeated
three times, and the error is less than 5%. Each drying curve can be split into a constant drying rate
region followed by a falling drying rate region. The constant drying rate corresponds to free water
removal and the falling drying rate is governed by the removal of the associated water (also known
as bound water). The same behavior was observed for the direct-contact ultrasonic drying (chapter

4) and this is typical regardless of the drying mechanism.

For both hardwood and softwood, increasing the initial moisture content, slightly increases the
drying time, especially at higher basis weights, since the thickness of the sample is higher, the
water removal is slower. In general, unrefined samples dry faster than refined samples and it is
predicted due to the difference in pore structure and fiber characteristics (i.e., sheet formation).
The unrefined fibers are longer in length and larger in diameter compared to refined fibers and it
results in higher pore volume and thickness in unrefined samples. In general, the pores allow the
ultrasonic waves to easily reach the inner structure of the paper being dried; hence, higher open
pore porosity makes the ultrasonic drying to be more efficient. More details on the effect of pore

characteristics and permeability measurements will be discussed in section 5.2.9-c.
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Figure 82. Airborne ultrasonic drying curves for hardwood samples dried using Al plate.
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Figure 83. Airborne ultrasonic drying curves for softwood samples dried using Ti plate.

In order to analyze the results more systematically, 23 factorial design of experiments are used for

the total time of ultrasonic drying.
5.2.7 Importance of the Controlling Factors on Total Time of Ultrasonic Drying

ANOVA analysis for the total time of ultrasonic drying for both hardwood and softwood are
summarized in the pareto charts of the standardized effects in Figure 84 and Figure 85. The pareto
charts allow to detect the factor and the interactive effects that are most important to the design

optimization and the absolute values are shown from the largest effect to the smallest effect.
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According to Figure 84 and Figure 85, in the range of the studied parameters, basis weight has the
maximum effect on the total time of ultrasonic drying and after that initial moisture content. The
interactive effects of the factors are less important in this analysis. This agrees with the results of
direct-contact ultrasonic drying from chapter 4. The outcome of linear regression analysis for the
total time of drying is reported in Table 19. The coefficient of determinations for these analysis
are above 99.6% and p-values less than 0.01, implying that the predicted correlations by linear
regression analysis are adequate for describing the total time of ultrasonic drying. Since the
refining condition is a qualitative data, the numeric values of -1 and 1 are considered for unrefined
and refined, respectively. The relationship between the total time of ultrasonic drying and the

factors is described as:

k k Kk (5-3)
Total Drying Time = [, + Z BiX; + Z Z BijXiXj + B123X1 X2 X3

i=1 i=1 j=1
where k is the number of factors, and X; (i = 1, 2, 3) are the controlling factors. S, is the constant
coefficient, p;; are the coefficients for the interactive effects of factors and p;,5 captures the
interactive effect of all the three factors. Factors 1, 2, and 3 are defined as initial DBMC, basis

weight, and refining condition, respectively.

Pareto Chart of the Standardized Effects
(response is Total Time of Drying (min), Alpha = 0.05)
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Figure 84. Pareto chart of the standardized effects for total time of ultrasonic drying for hardwood samples
(dried using Al plate).
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Pareto Chart of the Standardized Effects
(response is Total Time of Drying (min), Alpha = 0.05)
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Figure 85. Pareto chart of the standardized effects for total time of ultrasonic drying for softwood samples

(dried using Ti plate).

Table 19. Coefficients for equation (5-3) calculated from linear regression analysis.

o /2 p2 J/z) Pz s P23 P23 R?
(%)
brvingtime 1 6170 | 0112 | -0.109 | 33.413 | 0.002 ) ) 0.002 | 99.69
(min) 0.360 | 0.242
Hardwood | Areaunder _
(Al plate) drying c.urve 23959 | -17.28 | -21.73 | 2892 0.213 2767 -18.1 0.16 99.74
(%.min)
Wh';e“ess 69.730 | 0.012 | -0.006 | -5.121 | 0.0001 | 0.031 | 0.016 | -9.839 | 99.58
Inaex
—— - -
Yingtme | 547 | 0.024 | 0.006 | 31.68 | 0.0008 0001 | 998
(min) 0.194 | 0.163
Softwood Area under _ _ _
_ drying curve 168 | -7.43 | 1581 | 0.105 0.063 | 99.62
(Ti plate) . 638.74 10.28 | 10.01
(%.min)
Whi 6.27x10 — [ 9.97x10°
MENess | 7932 | 0.0126 | 0.0088 | 6.08 -0.03 99.7
index 6 0.026 5
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5.2.8 Importance of the Controlling Factors on Area Under Drying Curve

In addition to the total time of ultrasonic drying, the area under the drying curves is analyzed using
ANOVA. The area under the drying curve represents the total change in DBMC over the total time
of drying. Figure 86 and Figure 87 represent the pareto charts of the standardizes effects for
hardwood and softwood, respectively. Similar to the total time of ultrasonic drying, the basis
weight has the maximum effect on the area under the drying curve and after that the effect of initial
moisture content is important. The outcome of linear regression analysis for the area under the

drying curve is reported in Table 19.

Pareto Chart of the Standardized Effects
(response is Area under drying curve (%.min), Alpha = 0.05)
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Figure 86. Pareto chart of the standardized effects for area under the drying curve for hardwood samples
(dried using Al plate).
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Pareto Chart of the Standardized Effects
(response is Area under drying curve (%.min), Alpha = 0.05)
2.3
Factor Name
B A Initial DBMC (%)
B Basis Weight (g/m2)
C Refining Condition
A
AB -
E aec
=
AC -
BC
C
0 100 200 300 400 500 600 700 800
Standardized Effect

Figure 87. Pareto chart of the standardized effects for area under the drying curve for softwood samples
(dried using Ti plate).

5.2.9 Quality measurements

The quality of the ultrasonically dried samples such as the color and tensile strength plays a
significant role in terms of application of the paper. This section is devoted to the quality
measurements of the hand-sheet papers dried by non-contact ultrasound mechanism. In addition,
in support of the above discussions to relate the pore characteristics and the drying behavior,

permeabilities of the samples are measured.

It should be mentioned that since the source of the pulps for the direct-contact and non-contact
ultrasonically dried samples and the sample dimensions are different, the results are compared

qualitatively.

5.2.9-a Colorimeter Measurements

Figure 88 and Figure 89 show the measurements for L* (lightness index), a* (red-greenness index),
and b* (yellow-blueness index) for hardwood and softwood samples, respectively. The lightness
indices for softwood samples are higher than that of hardwood samples. These measurements are

used to calculate the whiteness index of the samples.
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Figure 88. L*, a*, and b* for hardwood samples, dried using Al plate.
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Figure 89. L*, a*, and b* for softwood samples,



To compare the impact of drying method, Figure 90 compares the L*, a*, and b* for a softwood

sample dried by airborne ultrasonic drying and a sample dried using conductive drying.
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Figure 90. Comparison of L*, a*, and b* for S-R-150-160 dried using airborne ultrasonic drying (Ti plate)
and a similar sample dried using conductive drying.

Using these measurements, whiteness indices of a sample dried using airborne ultrasonic drying
and a similar sample dried by conductive drying are compared in Figure 91. It is shown that direct
heating in conductive drying reduces the whiteness index of the sample compared to airborne
ultrasonic drying. This is due to the thermal effects when the sample is in direct contact with the
hot plate. The reported data for colorimeter measurements are an average of three measurements

from each side of the handsheet.

149



100
S-R-150-160
90|

80 |
70|
60
50 [

40 1

Whiteness Index, WI

30

20

1071

Airborne ultrasonic drying Conductive drying

Figure 91. Comparing the whiteness indices of an ultrasonically dried sample (Ti plate) with a sample dried
using conductive heating at 40 °C. The maximum standard deviation is 0.04.

It is shown that direct heating in conductive drying reduces the whiteness index of the sample
compared to airborne ultrasonic drying.

Figure 92 and Figure 93 show the whiteness indices for hardwood and softwood samples,
respectively dried using airborne ultrasonic drying. The maximum standard deviation for the
reported numbers is 0.04. For both hardwood and softwood, the unrefined samples have higher
whiteness index and by increasing the initial moisture content and basis weight, the whiteness
index increases, slightly. These observations are due to increasing the porosity of the sample by
increasing the initial moisture content and basis weight. In addition, the whiteness indices for the
softwood samples used in this study are higher than hardwood samples. It should be noted that the
source of the softwood pulp used in this study are dried sheets, which influences the sheet
formation and the porosity of the samples. In fact, lightness is a subjective measure of perceived
light and higher porosity leads to higher lightness and therefore higher whiteness index. The results
generally agree with the results for the direct-contact ultrasonic drying from chapter 4. In that
paper, the whiteness index of an ultrasonically dried sample with a sample dried using conductive
heating at 80 °C was compared and observed that direct-contact ultrasonic drying slightly improves

the whiteness index.
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The results of linear regression for Whiteness index are reported in Table 19. For these samples,

basis weight followed by the initial DBMC have the highest effects on the whiteness index.
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Figure 92. Whiteness index of ultrasonically dried hardwood samples (dried using Al plate).
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Figure 93. Whiteness indices of ultrasonically dried softwood samples (dried suing Ti plate).
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5.2.9-b Tensile Strength Measurements

Figure 94 compares the tensile strength of a sample dried using airborne ultrasonic drying with a
sample thermally dried at 40 °C in contact with a hot plate. The tensile strain is almost the same
for the two samples, but the sample dried using ultrasonic drying has a slightly higher tensile stress,
which is favorable for the end product. This could be explained by the difference in the mechanism
of heat transfer in airborne ultrasonic drying versus contact heat drying. In airborne ultrasonic
drying, convection is the dominant mechanism and hence, it maintains the fiber structure and the
sheet formation. Whereas in contact heat drying, the dominant mechanism is conduction which
directly impacts the properties of the sample. Therefore, the product quality is slightly higher for

the sample dried using airborne ultrasonic drying.
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Figure 94. Comparing stress-strain curves for an ultrasonically dried sample (Ti plate) with a sample
thermally dried sample at 40 °C. The maximum standard deviation is 2.4.

Figure 95 and Figure 96 compare the tensile strength measurements for refined and unrefined
hand-sheet samples, respectively. The maximum standard deviation for the measurements is 3.1.
The effect of initial moisture content on the tensile strength behavior is not significant. The refined

samples have higher ultimate tensile strength (UTS) compared to that of unrefined samples. This
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is due to the fact that refining of the pulp results in better sheet formation and thus, better tensile
strength. Similar to the direct-contact ultrasonically dried samples, due to the effect of the grips,
the sample with higher basis weight and thickness has a lower UTS. As expected, UTS for the
center point is between the values for refined and unrefined pulps. It should be mentioned that the
quantitative difference between the tensile strength of the samples dried using direct-contact and
non-contact ultrasonic drying comes from the difference in the thickness and tensile strength of

the samples. Table 20 and Table 21 summarize the mechanical strengths for hardwood and

softwood samples, respectively.
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Figure 95. Stress-strain curves for (a) unrefined hardwood samples and (b) refined hardwood samples. The
samples are dried using Al plate.
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Figure 96. Stress-strain curves for (a) unrefined softwood samples and (b) refined softwood samples. The
samples are dried using Ti plate.

Table 20. Ultimate tensile strain and ultimate tensile stress for different hardwood samples (dried using Al

plate).
Sample Ultimate Tensile Strain (%o) Vitimate Tensile Stress
(MPa)
H-unR-120-160 4.85 14.79
H-unr-150-160 4.25 13.23
H-unR-120-325 8.76 8.57
H-unR-150-325 4.09 5.36
H-R-120-160 7.58 19.19
H-R-150-160 8.34 18.31
H-R-120-325 12.13 21.25
H-R-150-325 12.52 20.62
H-Center Point 7.59 16.08
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Table 21. Ultimate tensile strain and ultimate tensile stress for softwood samples (dried using Ti plate).

) _ _ Ultimate Tensile Stress
Sample Ultimate Tensile Strain (%o)

(MPa)

S-unR-150-160 5.01 9.86

S-unR-150-325 6.06 6.92
S-R-150-160 11 37.13
S-R-150-325 14 30.43

S-R-150-160
) ) 10.73 28.64
(Conductive drying)

5.2.9-c Permeability Measurements

One of the pore characteristics of the paper that has a significant impact on its drying behavior is
permeability. Permeability is a paper property that allows gasses (air) or liquids to pass through it
under a pressure difference across a sheet. Permeability is determined by measuring the rate of
airflow through a known area of the paper sheet. Table 22 and Table 23 show the mean values and
standard deviations of the Gurley seconds for 5 measurements and the calculated permeability for

hardwood and softwood samples, respectively.

Table 22. Permeability measurements for non-contact ultrasonically dried hardwood samples (Al plate).

sample Gurley Seconds Std. Dev. for 5 Permeability (m?)
(mean) tests
H-unR-120-160 29.4 0.4 2.19x10%4
H-unR-150-160 31.4 1.3 2.27x10
H-unR-120-325 46.4 0.2 2 x10
H-unR-150-325 51.8 0.5 3.07x10%4
H-R-120-160 85.9 3.2 6.42x101
H-R-150-160 80.1 2.3 8.61x101
H-R-120-325 240.8 5.7 4.89 x10%°
H-R-150-325 258.7 16.7 5.44 x10%
H-Center Point 98.7 4.6 1.07x10
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Table 23. Permeability measurements for non-contact ultrasonically dried softwood samples (Ti plate).

Sample Gurley Seconds Std. Dev. for 5 Permeability (m?)
(mean) tests
S-unR-150-160 12.6 0.4 5.84x10*
S-unR-200-160 12.2 0.2 6.03x10*
S-unR-150-325 42.5 1.3 3.62x10%
S-unR-200-325 40.2 3 3.83x10%
S-R-150-160 2025.1 93.7 2.27x105
S-R-200-160 1778.31 115.5 2.58x10%°
S-R-150-325 2859.2 156.8 1.78x10"
S-R-200-325 2755.1 110.2 1.92x10%°

The permeability of the unrefined samples is 10 times higher than refined samples. This comes
from the fact that refining of the pulp leads to a better sheet formation and the refined handsheet
is more compact. Permeability is determined by the fraction of open pores and the size of the pores
and in general, higher porosity results in higher permeability. The permeability decreases by
increasing the basis weight. These measurements are in agreement with Figure 82 and Figure 83,
which H-R-120 or 150%-325 g/m? and S-R-150 or 200%-325g/m? have the maximum drying time.

5.2.10 Energy Analysis and Drying Rate

In order to analyze the energy efficiency of non-contact ultrasonic drying of hand-sheet papers,

energy factor (EF) is defined as following:

EF = M (5-4)
Pys—raa X t

where mi is the initial mass, m is the instant mass at time t, hyg is the latent heat of evaporation for
water at atmospheric pressure and Pus.rad IS the radiated ultrasonic power to the sample. This factor
is determined as the ratio of the energy required for evaporation to the ultrasonic power that is
radiated to the sample. The surface area of the paper sample is 0.019856 m2. For the Ti plate, the
surface area of the sample is 0.101 m2. If it is assumed that the waste of the acoustic energy from
the surrounding is negligible, out of the total applied power to the Ti plate (225 W), the energy

radiated to the sample can be estimated as 44 W.
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Figure 97 and Figure 98 compare the drying rate and energy factor for hardwood and softwood

samples, respectively.

1 1 1 1 1 1 1 1
H-tnR-120-160 H-unR-150-160 H-unR-120-325 H-unR-150-325
0.8 0.8 N’g 0.8 0.8 NE 0.8 0.8 N’g 0.8 0.8
5] = O = O = ©
E 06 106 B E 0.6 ng B2 E 0.6 ne B2 E 06 0.6
w o W o WL o WL
= - - =
o z B = r o
& 0.4 104 & 0.4 0.4 & 0.4 0.4 & 04 0.4
c 2 = o = o =
(I} '\ S w =TT =0T
= = =
0.2 {0z O 02 02 O 02 j 02 O 02 0.2
0 L— 0 DL.— i 0 i 0 0
0 20 40 6O 0 20 40 60 0 20 40 6D 0 20 40 &0
Time (min) Time (min) Time (min) Time (min)
1 1 1 1 1 1 1 1
H-R-120-180 H-R-150-160 H-R-120-325 H-R-150-325
0.8 0.8 N’; 0.8 0.8 N’g 0.8 0.8 NE 0.8 0.8
: 23 23 23
Coe {06 B2 Ros 06 B Bos 08 B Los 0.6
w o W o WL o WL
= - - =
o z B = r o
o 0.4 10.4 o 0.4 0.4 o 0.4 0.4 o 04 0.4
I £ £ 5 £
= = =
0.2 {02 O 02 D2 O 02 02 O 02 b 0.2
0 0 0 i i i 0 0
0 20 40 &0 0 20 40 60 0 20 40 60 0 20 40 &0
Time (min) Time (min) Time (min) Time (min)

Figure 97. Energy factor and drying rate for different hardwood samples (dried using Al plate). Red curve is
for drying rate and blue curve is for energy factor.

The drying rate is calculated through second-order central differencing. For hardwood with the Al
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plate, the energy efficiency can be as high as 0.87 and the maximum drying rate is 0.5

the softwood with the Ti plate, the energy efficiency can be as high as 0.5 and the maximum drying

rate is 0.58 —Z
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Figure 98. Energy factor and drying rate for different softwood samples (dried using Ti plate). Red curve is
for drying rate and blue curve is for energy factor.

It can be confirmed that non-contact ultrasonic drying has higher drying rate and energy efficiency

at higher moisture contents. These findings agree with literature such as [48 and 68] for direct-

contact ultrasonic drying. As the sample gets dried and moisture content decreases, the drying rate

and energy efficiency decreases. A correlation is fitted to the drying curve for different samples

and Table 24 summarizes the outcome. The unique advantage of these correlations is that they can
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be applied in physics based numerical models representing the mass flux due to ultrasound

mechanism.

Table 24. Correlation for drying rate of different samples (dried using Ti plate) obtained using curve fitting.
For simplicity, DBMC is shown as x. R? for all the correlations is 0.99.

Sample Correlation for Drying Rate (g/(mZ.s))

S-R-160 1077x3 — 3 x 107°x2 + 0.0035x + 0.0318

S-R-325 2x1071x5 — 9 x 10™%x* + 2 X 107%x% — 0.0001x? + 0.0066x + 0.0007
S-unR-160 3x107%x* —8x1077x% + 6 x 1075x% + 0.0017x — 0.0239
S-unR-325 1077x% — 5 X 1075x2 + 0.0066x — 0.0094

To confirm the effectiveness of ultrasonic drying at high moisture contents, an additional test was
conducted at 700% DBMC (S-R-700-160) using the Ti plate. For this sample, the energy factor
reaches to about 0.9, illustrating the impact of higher moisture content on increasing the energy
factor (Figure 99). In addition, the maximum drying rate for this sample is 0.9 g/(mZ.s). It is
expected that for pure water or low consistency slurries the energy factor exceeds 1, which could
have various potential applications. It should be mentioned that in the above calculations (see
equation (5-4)), the evaporation energy considered for water present in a moist paper is simply the
mass times the latent heat of water. This is too idealistic as significantly more energy is needed in
a conventional drying process to evaporate the water from a moist paper. This is especially true at
low moisture content levels (i.e., falling drying rate zone). Thus, the energy ratios for ultrasonic
drying will be much higher than those presented in Figures 96-98. Nevertheless, the ultrasonic

drying will be more effective when applied to a product with a high moisture content.
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Figure 99. lllustration of the effect of high moisture content on drying behavior and energy factor for S-R-
700-160 (dried using Ti plate).

5.2.11 Comparing Direct-Contact and Non-Contact Ultrasonic Drying

In direct-contact ultrasonic drying, the moist sample must be directly in contact with the
transducer, while in non-contact ultrasonic drying, the moist sample is placed underneath the
transducer plate. The experiments for direct-contact ultrasonic drying are carried out at 1.7MHz
with 10 W power and non-contact ultrasonic drying experiments with Ti plate are conducted at 21
kHz and 225 W. For airborne ultrasound setup, the power per unit area is 1.14 W/cm? and for
direct-contact ultrasound setup, this flux is equal to 3.30 W/cm?. The thermal heating for these two
setups is compared in section 5.2.3 and concluded that in direct-contact ultrasonic drying, the
maximum temperature of the transducer plate is 80 °C, while in airborne ultrasonic drying, the
maximum temperature is 40 °C. Therefore, the heating effect in direct-contact mechanism is

substantially higher compared to that of non-contact mechanism. In the following, other aspects
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of drying, i.e., drying rate and energy efficiency, are compared for these two setups. The data for

direct-contact ultrasonic drying is attained from the previous chapter.

Since the diameter of the samples in direct-contact and non-contact ultrasonic drying is 1.98 cm

g
m2.s’

rate and energy factor for S-R-150%-160g/m? dried using direct-contact ultrasonic drying and non-

and 15.9 cm, respectively, the drying rates are reported in

Figure 100 compares the drying

contact ultrasonic drying (Ti plate).
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Figure 100. Comparing the drying rate and energy factor for S-R-150%-160g/m?, dried by direct-contact
(left) and non-contact (right) ultrasonic drying (Ti plate). Red curve is for drying rate and blue curve is for
energy factor.

The general trend for both mechanisms is that the drying rate is higher at higher moisture contents.
However, by decreasing the moisture content, propagation of ultrasonic waves inside the sample

is harder and as a result, the drying rate decreases. The low drying rate in the beginning for direct-
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contact ultrasonic drying could be due to the fact that higher frequencies have lower depth of
penetration inside the sample and therefore, drying has a “warm-up” period, initially. In addition,
the drying rate for direct-contact ultrasonic drying is an order of magnitude higher than non-contact
ultrasonic drying. This observation may also largely be influenced by the significant heating effect
generated in direct-contact ultrasonic drying, as discussed above. Although this heating effect may
not be always desirable, it has a major impact on the drying rate. Whilst the papermaking machine
is in a much larger scale, it should be notified that the evaporation rate in papermaking machine is
about 10 times higher than the drying rate for direct-contact ultrasonic drying according to [125].

The energy factors for direct-contact and non-contact ultrasonic drying are in the same order of
magnitude. One reason for low energy factor in ultrasonic drying might be due to the bulging effect
of the sample during drying, which results in imperfect contact with the transducer in direct-contact
drying and increase in thickness at the edges in airborne ultrasonic drying. The energy factor could
be higher and part of the loss of energy could be resolved by developing more efficient designs for
the transducers. Despite the higher drying rate for direct-contact ultrasonic drying, one of the
biggest challenges with this technology is that the sample must be in direct contact with the
transducer and therefore it is not adaptable to the current convective dryers. In this regard, non-
contact (airborne) ultrasonic drying is the most ideal in terms of adapting to the convective dryers.
For paper drying, one potential application of this technology is in the up-stream of papermaking
machine to control moisture profile in the cross-direction and reduce overheating. For batch
processes, in the cases that low temperature drying is required to preserve the properties of the
products being dried, ultrasonic drying could be suitable, and it can be more efficient in hybrid
with other types of drying mechanisms. Nonetheless, the outcome of this research is that at the
current state, this technology is not ready for replacing the current continuous drying technologies
in industrial applications, such as paper drying, and more robust and efficient designs are required.
The biggest challenge in developing more efficient ultrasonic transducers is to overcome the
significant impedance mismatch between air and dense mediums, which leads to substantial energy
loss. There are several research groups such as [119 and 126] exploring more efficient and novel

designs for ultrasonic transducers.
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5.3 Summary and Conclusions

In this study, a straightforward comparison between high-power airborne ultrasonic drying (21
kHz and 225 W) and direct-contact ultrasonic drying (1.7 MHz and 10 W) for hand-sheet papers
was provided. In conclusion, the results of 23 factorial design of experiments showed that for both
mechanisms, basis weight/thickness of the sample has the maximum effect on total time of
ultrasonic drying and after that the initial moisture content. One of the most important take-aways
from this research is that ultrasonic drying is more effective at higher moisture content and as the
sample gets dried and the moisture content decreases, the drying rate and energy efficiency
decrease. Two correlations for predicting the total time of ultrasonic drying and the area under the
drying curve were obtained using linear regression analysis. Quality measurements for the dried
samples by airborne ultrasonic drying agreed with the measurements for the samples dried with
direct-contact ultrasound. Compared to the hot plate drying, the whiteness index and tensile
strength of the samples were slightly improved by using ultrasound mechanism. It was shown that
permeability plays an important role in ultrasonic drying behavior and the effect of ultrasound for
samples with higher permeability is higher. In addition, the thermal effect in direct-contact
ultrasonic drying is very significant and it enhances the drying rate but may also have undesirable
impact on product properties. The energy efficiency of airborne ultrasonic drying was in the same
order of magnitude as direct-contact ultrasonic drying. More efficient designs for ultrasound

transducers are required to be able to use this technology in industrial applications.
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Chapter 6: Fundamental Understating of Ultrasonic
Atomization and Resultant Droplet Size: A Numerical
Study

Ultrasonic atomization for aerosol droplet formation has been attracting interest in the past few
decades due to its great applications such as fuel injection in internal combustion engines, ink-jet
printing, agricultural sprays, mass spectroscopy, pulmonary drug delivery, and DNA microarray
printing. In this chapter, a comprehensive parametric study is conducted by varying the fluid
thermophysical properties, liquid height, gravity, and ultrasound characteristics to shed light on
the mechanism of ultrasonic atomization. Ultrasonic atomization is studied in the presence of
gravity, surface tension, and viscous forces. To elucidate the mechanism of ultrasonic atomization
at low and high frequencies, multiphase CFD simulations are performed. The onset of ultrasonic
atomization as a function of non-dimensional numbers (including Reynolds number, Weber
number, Froude number, and Strouhal number) is investigated and the critical non-dimensional
numbers required for ultrasonic atomization are evaluated. The capillary waves formed on the
interface are studied, the frequency and wavelength at different conditions are measured, and the
detailed dynamics of the droplet ejection (including secondary droplet formation and droplet
collision) from the interface are discussed. Based on the analysis, a correlation for predicting the
mean droplet size in two dimensional is proposed. The effect of different parameters on onset
atomization amplitude and the resultant droplet size are found to be in qualitative agreement with
the experimental data. In addition, the ultrasonic atomization phenomenon for the direct-contact
mechanism is compared to the non-contact mechanism. The outcome of this research provides
insights on the formation of capillary waves, the mechanism of ultrasonic atomization, the onset

of ultrasonic atomization, and droplet ejection.

Keywords: capillary waves; ultrasonic atomization; onset atomization amplitude; CFD; droplet

ejections

164



6.1 Theoretical Model

The solution domain is presented in Figure 101. In this 2D physical problem, a liquid layer of

height H covers the flat surface of the vibrator at y = 0, above which is a layer of dry air.

Atmospheric pressure outlet

Dry air H
Free-slip wall :: Free-slip wall
Water
‘ H
Y
x L )
Non-slip wall

oscillating sinusoidally

Figure 101. 2D schematic of the problem in numerical simulation for direct-contact ultrasonic atomization
(not to scale).

The system is initially stationary, and the liquid-gas interface is located at y = H. Volume of fluid
(VOF) model is applied to track the interface by defining « as the volume fraction of water. The
length of the domain is set as 1004, unless otherwise is stated, (4 is calculated using equation (1-
2)) and the domain height is twice the height of water. The air region on top of the interface has
the same height as the liquid, since any interface motion that occurs during the simulation should

be contained within the simulation domain.
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The numerical model presented below incorporates the following assumptions:

1- Fluid is Newtonian.

2- Flow is laminar.

3- The numerical domain is two dimensional (2D).

4- Liquid phase is water and gas phase is dry air.

5- Incompressibility and immiscibility are applied for both liquid and gas phases.

6- The energy equation is not included in the analysis and thus, the change in temperature and

evaporation of the droplets are not considered in this model.

6.1.1 Dimensionless Governing Equations

The governing equations are non-dimensionalized using the parameters in Table 25.

Table 25. Dimensionless parameters for governing equations.

Parameter Dimensionless parameter Normalization factor

Spatial coordinates X*, y* H
; H

Time t* —

g

Velocity u*, v* \/g_H

Pressure p* pLgH
Density p* pL

Superscript * is used to specify the dimensionless parameters. The liquid and gas phases satisfy

the continuity and momentum equations as below

Ju” N av* _0
ax*  dy*

*

at*

1 1 __.
p* ( Py Re
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where u and v are scalar velocity components and U is the velocity vector. The last term in equation
(6-2) is the dimensionless volumetric force due to surface tension at the interface. This force is
described as following in the dimensional format
Fsurface tesnion = 0 __preve ©3)
0.5(p1 + pg)
p=ap +(1-a)p, (6-4)
k IS the interface curvature, which is defined as the divergence of the unit normal (n) to the interface

obtained from the volume fraction field

Va (6-5)

Three non-dimensional numbers appear in the momentum equation, which are Reynolds, Weber,

and non-dimensional density numbers, respectively.

HH (6-6)
Re = g
v
we = PL@H (6-7)
o
,3 — pl + pg (6-8)
P

Reynolds number is the ratio of inertial forces to viscous forces and Weber number is a measure
of the relative importance of inertial forces compared to surface tension forces. Combining the

effect of Reynolds number and Weber number results in Ohnesorge numbers as follows

JWe (6-9)
Re
Ohnesorge number is a dimensionless number that compares viscous forces with inertial and

Oh =

surface tension forces.
6.1.2 Boundary Conditions and Interface Tracking Strategy

The lateral boundary conditions are considered as free-slip walls to minimize their effects on the
system. The upper boundary condition is constrained as pressure outlet with atmospheric pressure.
Aty =0, no-slip boundary condition for fluid is assumed and the wall is sinusoidally oscillating in

the vertical direction with the velocity described by the following equation
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v = Awsin (wt) (6-10)
where A is amplitude, w is angular frequency, and t is time. For instance, Figure 102 shows the

oscillating velocity for 1.7 MHz and 0.55 pm amplitude for 10 periods.
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Figure 102. Oscillating velocity for 1.7 MHz and 0.55 pm amplitude.

The non-dimensional form of the boundary condition at x =0and x = L are

out _ ov (6-11)
ax*  dy*

Aty=0
u*=0 (6-12)
v* = Fr X sin(St.t) (6-13)

where Froude and Strouhal numbers are defined as
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Aw (6-14)

Fr = —
JgH

H (6-15)
St=w |—
g

Froude number is the non-dimensional amplitude defined by the ratio of ultrasonic acceleration
forces to the gravitational forces. Strouhal number is the non-dimensional frequency. In addition,

Strouhal and Froude numbers can be related to each other as

Fr = — 1
St X

Therefore, in the analysis, we can consider either Froude number or the non-dimensional amplitude
as %. As previously stated, in this study, the volume of fluid (VOF) technique is used to represent

the instabilities, motion, and mass exchange across the interface. The advantage of the VOF
method is its relatively easy programming with common finite difference discretization methods
while it provides precise measurement of the interface profile under various operating conditions.
This method tracks volumes of fluid, not the interface itself and hence, changes in the topology
are handled automatically. In this method, the jump mass balance at the interface is defined as

pi U —Vi).n* = p;(U; — Viy).n" (6-17)
where Vi, is the velocity at the interface, which represents the momentum transfer across the
interface due to capillary instabilities and atomization. The complete set of equations for VOF
method can be found in [127]. In this method, the continuity equation across the interface must

reflect the interfacial motion and mass transfer. This equation can be written as

d -
(01 = 3) o+ U.¥0) + pV.U = (01 = ) (U = Vir).Va (6-18)

where o is the volume fraction of liquid phase. The equation can be split into a pure continuity

equation, V.U = 0, and a complementary counterpart represented by the topological equation

Jda
at
This equation in dimensionless from would be

+U.Va = (U—Vy).Va (6-19)
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da 6-20
50+ U Va= U*"-V3).Va (6-20)

6.1.3 Numerical Technique

The transient governing equations are solved both in the liquid and air using Fluent 2022 R1. The
effect of ultrasonic vibrations is modeled by oscillating the lower wall using a sinusoidal velocity
by applying dynamic mesh movement. The capillary surface waves are modeled as laminar flow.
The SIMPLE algorithm is employed for pressure-velocity coupling and the geometric
reconstruction scheme is used to determine the face fluxes for VOF. Convergence criteria is set as
105 for continuity and momentum equations. The mesh size is considered as 1/20™ of the
wavelength, calculated by Kelvin’s capillary formula (equation (1-2)), which depends on the base
excitation frequency. This criteria for the mesh size does not change the results of the simulation.
In addition, the time step is set as 1/16" of the oscillation periods (z), for each exciting frequency,
to ensure the convergence. All calculations are based on the properties of water at room

temperature (about 20 °C). Table 26 presents the properties of liquid and air for the base case

study.
Table 26. Properties of liquid and air for the base case study at 1.7 MHz frequency.
Property Surface tension, | Liquid viscosity, Liquid density, Air viscosity, ug Air density, pg
Obase Mbase Phase
Value 0.072N/m | 0.001 kg/(m.s) 998 kg/m?3 1.7894x 10° | 1.225 kg/m®
kg/(m.s)

In order to break the liquid into droplets using ultrasonic vibrations, the amplitude must be above
a threshold value. The threshold amplitude for vibrating the interface is given as [128].

_ B P
A = (Zpl)(mf) &

Lierke and Griesshammer [129] suggested that the atomization inception amplitude is between 3

(6-21)

to 6 times the critical amplitude. In this study, the theoretical amplitude (Aw) is calculated using
equation (6-21) for water at room temperature. Then, the amplitude is increased in increments of

0.05 times of Aw and at each amplitude, sufficient time is allowed to make sure all the transient
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states have passed. The onset amplitude for atomization is then determined when a vigorous

droplet ejection is produced.

The droplet sizes are evaluated using ImageJ software. The numerical model is evaluated against
the available experimental data for ultrasonic atomization of liquid water, and it will be discussed

in detail.
6.1.4. Buckingham Pi Method

In order to validate the non-dimensionalization of the Navier Stokes equations, Buckingham Pi
theorem also was used to predict the non-dimensional numbers. In this analysis, the variables
include f, H, A, o, u, pL, U, and g. Therefore, there is 8 variables in this analysis. We chose the
independent variables to be H, p., and U and there is 3 dimensions (length, time, and mass). Thus,
the number of Pi terms would be 8 — 3 = 5. After applying the Buckingham Pi theorem, the

following non-dimensional numbers appear in the equations:

M 1 (6-22)
l-ll = —_— —
plUH Re
o 1 (6-23)
HZ = —2 = —
HU<?p, We
A (6-24)
My =
FH ]
v= =St (6-25)
o298 _ 1 (6-26)
>7 U2 T Fr

The above non-dimensional numbers from Buckingham Pi theorem confirm the non-

dimensionalization performed in the previous sections.
6.2 Experimental Method

In chapter 4, a mist generation type of piezoelectric transducers (SMIST25F16RR112) was used
for direct-contact ultrasonic drying of paper samples. For these transducers the dominant

displacement mode is in the vertical direction. The outer diameter and thickness of the transducer
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are 1.9 cm and 1 mm, respectively. The working frequency is 1.7 MHz, and this high frequency
ultrasonic transducer helps to push the limits for understanding of ultrasonic atomization at high

frequencies.
6.3 Results and Discussion

Ultrasonic atomization is studied experimentally by placing a 50 pL water droplet on the surface
of a mist generation transducer at 1.7 MHz and 10 W power is applied. Figure 103 presents the
time sequence of this experiment. The upward mechanical motion of the transducer results in
flattening the water droplet and it causes the formation of a crater in the center of the droplet. Then
as the transducer moves downward, the droplet collapses toward the center due to the surface
tension forces and it results in a high-pressure region at the center which forces the liquid upward.
This high-momentum spike in the center of the droplet leads to pinch off of secondary droplets
from the end of the spike. This process continues until the water droplet is totally atomized. These
observations are in agreement with literature such as James et al. [89 and 130]. They studied water
drop atomization at 61 kHz and 987 Hz. The authors presented visualizations of vibration induced

atomization including close-ups of crater formation.

Figure 103. A time sequence of an experimental video for atomization at 1.7 MHz excitation frequency and 10
W power.
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Experimental investigation of all the details and aspects related to ultrasonic atomization is very
difficult and challenging in experiments and requires high-tech and expensive equipment,
especially at MHz frequencies. Thus, CFD simulations are used in this study to evaluate the
atomization nature under different operating conditions. In the following, the effect of each of the
thermophysical properties of liquid, liquid height, gravity, and exciting frequency on ultrasonic

atomization of a liquid film is discussed.
6.3.1 Effect of Exciting Amplitude on Ultrasonic Atomization

The liquid layer needs to be deep enough such that the surface can oscillate freely without
interference from the actuating base on which the liquid is held. Hence, the minimum liquid depth
can be of the same length order as the surface waves. For liquid height 34, the onset amplitude for
atomization is 1.1Aw. At lower amplitudes, the liquid free surface oscillates without ejection
occurring, meaning that the surface waves don’t have enough kinetic energy to overcome the
resistance forces associated with the fluid interface. Figure 104 represents the interface region for
0.5 Awn amplitude. As this figure shows, this amplitude is not high enough to overcome the surface
tension and the capillary waves cannot be formed at the interface. Figure 105 shows the changes
in free surface at different times (in terms of the oscillation period) for 1A amplitude. For this
case, capillary waves are formed at the interface however, no atomization occurs even up to more
than 200 periods and only phenomenon is acoustic streaming. After that, the numerical instabilities

at the interface are large enough that results in divergence of the simulation.

0 0.1 0.2 03 0.4 0.5 06 0.7 08 0.9 1

Figure 104. Volume fraction of water for 0.5An amplitude, 34 liquid height and 1.7 MHz frequency after
1000z.
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Figure 105. Volume fraction of water at the interface region for 1Awm amplitude, 34 liquid height and 1.7 MHz
frequency.

As the amplitude approaches the onset atomization amplitude, the motions on the free surface start
at a lower time period. For example, Figure 106 is representing the motion at the interface region
for the case of 1.1Aw amplitude. For this case, atomization starts after about 10 periods. The
mechanism of droplet formation is that under a sufficiently strong exciting vibration, surface
capillary waves are generated at the liquid/gas interface. These waves are weak initially and the
wave formation can be generally approximated linearly. However, as the amplitude of the waves
become larger and surface waves progress to the waves capable of ejecting droplets, the behavior
is highly nonlinear. At this point, if the oscillating forces are higher than surface tension forces,
axisymmetric conical shapes are created at the interface. The capillary waves quickly destabilize
and elongate to form individual jets, each of which eventually breaks up to form one or more
droplets. This jetting or pinch-off occurs rapidly across the interface and generates “a mist” of
droplets. After ejection of the droplets and as this becomes more vigorously, the droplet ejection
becomes a chaotic phenomenon. These observations highly agree with the experimental data from

Sindayihebura and Bolle [83] for atomization of liquid water at 32 - 60 kHz frequencies. Figure
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107 shows the droplet formation and droplet jets in more details. A ligament protrudes from the
upward movement of the wave and a droplet forms at the end of the ligament. This droplet initially
maintains the upwards velocity of the wave. However, as the wave moves downwards, the
ligament is stretched to produce a ‘neck’ and surface tension decelerates the droplet. This
eventually results in rupturing the droplet. The droplets get ejected from the free surface of water
and the ultrasonic acceleration moves the droplets upward. Nevertheless, some of the larger
droplets break into smaller droplets and generate secondary droplets as it is shown in Figure 107.
After pinching off the droplets and generating mist, the droplet diameter is in the range of 1.3-3.2
um. These observations are difficult or impossible to catch in experiments and require in-situ

measurements of high-speed cameras with high resolutions.
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Figure 106. Volume fraction of water at the interface region for 1.1Aw amplitude, 34 liquid height and 1.7
MH?z frequency.
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The peak-to-peak measurements of the capillary surface waves confirm that at each time step, the
frequency of the capillary waves is smaller than the excitation frequency and it will be discussed

more in the next sections.

Figure 107. Droplet formation for 1.1Awm amplitude, 32 liquid height and 1.7 MHz frequency at different
times: (a) 6.62 ps, (b) 6.73 ps, (¢) 6.84 ps, (d) 6.95 ps, (e) 7.06 ps, (f) 7.17 ps, (g) 7.24 ps, and (h) 7.35 ps. The
colormap is based on the volume fraction of liquid.

176



At higher amplitudes, the rate of atomization increases. For instance, Figure 108 shows the changes
at the interface region at 1.2Aw and in this case, the atomization starts at about 8 time periods
instead of 10 time periods.

t=4.60 us

Figure 108. Volume fraction of water at the interface region for 1.2Aw amplitude, 34 liquid height and 1.7
MHz frequency.

6.3.2 Effect of Liquid Height on Ultrasonic Atomization

In cases that the liquid height is smaller than the wavelength of the surface waves, the liquid does
not oscillate and in this case the interface simply just rides along with the actuator. It is shown in
Figure 109 for 0.54 liquid height at 1At amplitude and 1.7 MHz frequency at 200z.
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Figure 109. Volume fraction of water at the interface region for 1Aw amplitude, 0.54 liquid height and 1.7
MHz frequency.

According to Ehrhorn and Semke [91], if a vibrating film produces atomized droplets at a given
depth, increasing this depth beyond a certain threshold will lead to sporadic droplet production and
increasing it further will lead to excessive damping in the system which halts the process entirely.
In this study, by increasing the liquid height, the onset atomization amplitude is increasing. For
the liquid height of 504, the onset atomization is found to be 2Awn. Similar to the case of 34, at
lower amplitudes, the liquid free surface oscillates without any droplet formation. The changes in
the free surface at different time periods for 1.2As amplitude are shown in Figure 110. For clarity,

only the region near the interface is shown in the picture.

Figure 110. Volume fraction of water at the interface region for 1.2Awm amplitude, 504 liquid height and 1.7
MH?z frequency.

178



As the amplitude approaches the onset amplitude, the motion on the free surface starts at an earlier
time. For example, the motion at the interface region for the case of 1.8Aw amplitude is shown in
Figure 111. In this case, the motion at the interface starts after about 40z however, no atomization
occurs even up to 90 periods.
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0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1
0

Figure 111. Volume fraction of water at the interface region for 1.8Awm amplitude, 504 liquid height and 1.7
MHz frequency.

As it stated above, for this liquid height, the onset of atomization is observed at 2Aw. The changes
in volume fraction of water for this case are shown in Figure 112 and Figure 113. After pinching
off the droplets and generating mist, the droplet diameter for this studied case is in the range of

1.6-3.3 um and the droplets move with an average velocity of 6 m/s.
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Figure 112. Volume fraction of water at the interface region for 2Aw amplitude, 504 liquid height and 1.7
MHz frequency.
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Figure 113. Volume fraction of water at the interface region for 2Awm amplitude, 504 liquid height and 1.7
MH?z frequency.
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For H >> ], the mechanism of droplet formation is similar to the case of 34 and 1.1Aw, except that
the phenomenon is more non-linear and thus, with increasing the liquid height, it takes longer to
atomize. Furthermore, it is distinguished that at higher liquid heights, the droplets are more
uniform in shape (504 vs 34 liquid height), which the difference could be due to the faster
atomization rate (shorter time) for lower liquid height compared to the higher liquid height. The
phenomenon of secondary droplet formation is more noticeable at higher liquid heights. In general,
the droplets are either ejected from the free surface of the liquid and travel away from the surface,
staying the same size or a larger droplet gets ejected first and then secondary droplets get generated
due to the breakdown of the larger droplet. Figure 114 reveals the formation of the secondary
droplets during ultrasonic atomization. Initially, a large droplet gets ejected from the free surface
of water and the ultrasonic acceleration moves the droplet upward. However, some of the larger
droplets, as large as 8 um in diameter, break into smaller droplets and generate secondary droplets.
The velocity of the highlighted droplet in Figure 114 is about 6.6 m/s. This high inertia overcomes
the surface tension and results in breaking up of the droplet into smaller droplets. In addition to
formation of secondary droplets, another observation is the collision of droplets. In this study, the
outcome of collision of single-fluid droplets with similar sizes is observed to be either coalescence
or separation. For instance, in Figure 114, in times 31.43 ps and 31.62 ps coalescence of the formed

secondary droplets occurs.
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Figure 114. Secondary droplets formation and droplets’ collisions. 2At amplitude, S0 liquid height and 1.7
MHz frequency. The colormap is based on volume fraction of liquid.
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The vertical coordinate of the center point of the interface (Figure 115) was tracked and monitored
with time. To do this, an Iso-Surface was defined in Fluent for volume fraction of water when the
value is 0.5. Then an Iso-Clip was set on the x-coordinate of the mesh for the previously defined
Iso-Clip. After that, an Iso-Surface was defined for the mesh in the x-direction at the middle point

(centerpoint) and the surface was chosen as the previously defined Iso-Clip.

Dry air

./ Centerpoint

Water

Figure 115. Vertical coordinate of the centerpoint of the interface vs time period.

Figure 116 shows the changes of the vertical coordinate for the centerpoint of the interface.
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Figure 116. Vertical coordinate of the centerpoint of the interface vs time period. 2Awn amplitude, 504 liquid
height and 1.7 MHz frequency.

In the beginning for about 10 oscillation periods, the displacements of the interface are almost
linear and uniform but as the waves progress, the behavior becomes non-linear and at the end when
the droplet ejection occurs vigorously, the fluctuations at the interface become very unpredictable.
In the linear wave zone, the frequency of the waves is half of the base frequency (1.7 MHz) which

corresponds to the wavelength of 8.56 pum.

The same observations can be made using the velocity and pressure at the centerpoint of the
interface in Figure 117 and Figure 118, respectively. Beside the sinusoidal movements at the
interface, these figures represent the chaotic behavior of the surface waves after staring the pinch

off of the droplets.
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Figure 117. Velocity of the centerpoint of the interface vs oscillation period. 2Aw amplitude, 502 liquid height
and 1.7 MHz frequency.
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Figure 118. Pressure of the centerpoint of the interface vs time period. 2Awn amplitude, 504 liquid height and
1.7 MHz frequency.

For this case also, increasing the exciting amplitude results in droplet ejection at lower time periods
and higher atomization rate. Comapring Figure 119 for 2.2Aw and Figure 120 for 3Awn with Figure
112 and Figure 113 for 2Asw supports this claim.
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Figure 119. Volume fraction of liquid at the interface region for 2.2Aw amplitude, 504 liquid height and 1.7
MH?z frequency.
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Figure 120. Volume fraction of liquid at the interface region for 3Aw amplitude, 504 liquid height and 1.7
MHZz frequency.

Comparing the average velocity of the interface versus time for different amplitudes for 504 liquid
height (Figure 121) reveals that the velocity of the interface is oscillating sinusoidally and by
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increasing the amplitude, the average velocity of the interface increases. In addition, as the

amplitude increases, the chaotic behavior of the waves starts at an earlier oscillation period.
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Figure 121. Average velocity of interface for different excitation amplitudes.

The effect of liquid height is studied for different values (34, 304, 504, 1004 and 2004). The onset
atomization amplitude is slightly increasing by liquid height. For instance, Figure 122 and Figure

123 show the changes in volume fraction of water for 30/ and 1004.
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Figure 122. Volume fraction of water for 2Aw amplitude, 304 liquid height and 1.7 MHz frequency.

Figure 123. Volume fraction of water for 2.05A« amplitude, 1004 liquid height and 1.7 MHz frequency.
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The summary of the results is represented in Figure 124. This figure exhibits the effect of liquid

height on the onset amplitude for atomization at 1.7 MHz frequency. According to this plot,

increasing the liquid height one order of magnitude almost doubles the onset atomization

amplitude. In addition, increasing the liquid height from 304 to 200/, does not change the onset

amplitude significantly. In the following analysis in this research, the liquid height is considered

to be 504 for each excitement frequency.
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Figure 124. The effect of liquid height on onset amplitude for atomization at 1.7 MHz frequency.

Table 27 shows the non-dimensional numbers for the cases with different liquid heights at 1.7

MHz frequency.
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Table 27. Non-dimensional numbers for different liquid heights.

Liquid Re = We =
height (x  p, /gHH  pu(gH?)

Aen) u g
3 0.4 8.99x10° 205.6 17282 0.023
30 12.8 0.009 117 54650 0.007
50 27.6 0.25 90.7 70554 0.006
100 78 0.1 65.7 99778 0.004

200 220.8 0.4 47.6 141108 0.003

Many experiments have been conducted on the formation of the droplets using ultrasonic
atomization. Most of these studies are based on the theory of Lang [73] in 1962 who used Kelvin’s
expression for capillary wavelength as a function of frequency and related the droplet size to the
capillary wavelength. However, as Peskin and Raco [131] in 1963 stated, Kelvin’s theory does not
consider the effect of parameters such as liquid film height and amplitude. Rajan and Pandit [93]
in 2001, provided correlations for predicting the droplet size as a function of thermophysical
properties of liquid (flow rate, viscosity, density, and surface tension) and ultrasonic properties
like amplitude, frequency, and the area of vibrating surface by introducing non-dimensional
numbers for an ultrasonic nozzle. Their proposed correlation is for a continuously operating
atomizer and in that case, the film thickness is directly related to the liquid flow rate. However, in
the case of a liquid film on a vibrating surface, there is a gap in the literature to describe the droplet
size as a function of both thermophysical properties of liquid as well as ultrasonic properties. In
this research, the effect of liquid height on the capillary wavelength and droplet size is studied and

the results are shown in Figure 125.
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Figure 125. The effect of liquid height on capillary wavelength and droplet size at 1.7 MHz frequency.

The overall trend is that by increasing the liquid height, the mean droplet size increases. Similar
to the effect of liquid height on the onset amplitude for atomization, there is a decrease in slope in
Figure 125 as the liquid height increases. It is predicted that after a large enough liquid height, the
droplet size changes slightly by further increase in liquid height. However, at very large liquid

heights, surface instabilities are limited, and atomization does not occur.

It should be stated that within the length of time considered in this study, the impact of droplet
ejection on the liquid film height is negligible.

6.3.3 Effect of Surface Tension on Ultrasonic Atomization

The energy required for overcoming the forces at the interface depends on the properties of the
liquid, such as surface tension and it plays a major role in determining potential droplet size. The

liquid/air surface tension is varied to 0.50base, 1obase, 20base, aNd 4omase in the simulations at 1.7 MHz
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frequency and 504 liquid height. It should be mentioned that the liquid/air surface tension can be
changed by adding impurities and surfactants to the liquid in different applications. Figure 126
shows the effect of surface tension on the onset atomization amplitude. As the surface tension
decreases, the onset amplitude for atomization increases. In equation (6-21), surface tension is
related to onset amplitude as ¢/ and this relation is projected in Figure 126.
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Figure 126. The effect of surface tension on onset amplitude for atomization at 1.7 MHz frequency and 504
liquid height.

Surface tension tends to minimize the free surface area of the liquid and since increasing surface
tension leads to increase in surface capillary wavelength, it is easier to atomize to reduce the
surface area. In fact, higher surface tension makes the interface more susceptible to capillary
instabilities. Table 28 shows the non-dimensional numbers for different values of surface tension.
At constant Reynolds and Strouhal numbers, changes in Weber number changes Froude number.
The onset atomization amplitude versus Weber number is plotted in Figure 127 and it reveals that

by decreasing surface tension, Weber number increases. In addition, the values for Weber number
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are less than 1, meaning that the surface tension forces are dominating the inertial forces and
therefore, Froude number increases due to the resistance energy acting upon the interface. Figure

128 shows the combined effect of Reynolds and Weber numbers as Ohnesorge number.

Table 28. Non-dimensional numbers for different values of surface tension.

Surface Re =
tension (x p,[gHH  pi(gH?)
Opase) [ @
0.5 27.6 0.05 104.3 70554 0.008
1 27.6 0.025 90.7 70554 0.0057
2 27.6 0.012 81.6 70554 0.004
4 27.6 0.006 74.8 70554 0.0029
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Figure 127. Onset atomization amplitude vs Weber number at different surface tension values at 1.7 MHz
frequency and 504 liquid height.
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Figure 128. Onset atomization amplitude vs Ohnesorge number at different surface tension values at 1.7 MHz
frequency and 504 liquid height.

The effect of surface tension on the mean size of the atomized droplets as well as the capillary
wavelength is shown in Figure 129.
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Figure 129. The effect of surface tension on droplet size and capillary wavelength at 1.7MHz frequency and
504 liquid height.

With decreasing the surface tension from 4onase to 0.50mase, the droplet size is changed from 3.5 um
to 2.187 um. The decrease in the surface tension leads to decrease in the capillary wavelength and
hence, the number of capillary waves per unit vibrating area increases with higher amplitudes,
making the droplet ejection from the crests easier. Thus, the number of ejected droplets, i.e., the
atomization rate, is higher at lower surface tension and the droplet sizes are smaller. Ramisetty et
al. [85] stated that the increase in the kinetic energy of the liquid droplets is associated with the
decrease in the droplet sizes. The difference in the capillary wavelength, atomization rate and ease

of droplet ejection for two cases of 0.50nase and 4omase are illustrated in Figure 130.
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Figure 130. Comparison of the wavelength and atomization rate for two cases of 0.56base and 4obase at 1.7 MHz
frequency and 504 liquid height. The colormap is based on liquid volume fraction.

6.3.4 Effect of Liquid Viscosity on Ultrasonic Atomization

Viscosity is a measure of a fluid’s resistance to change in shape and it quantifies the internal
frictional force between adjacent layers of fluid that are in relative motion. According to equation
(6-21), the onset amplitude linearly increases with dynamic viscosity of the liquid. Different values
of dynamic viscosity including 0.5ubase, 1ibase, 2tibase, and 4uase for 504 liquid height and 1.7 MHz
frequency are studied. Figure 131 shows the onset atomization amplitude for each case. This plot
confirms the linear relationship between dynamic viscosity and onset atomization amplitude. In
general, for highly viscous liquids, large values of amplitudes are needed to generate the unstable
perturbations responsible for the droplet formation. Hence, higher electrical power and energy is
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required for atomizing the liquid, i.e., disintegrating liquid into droplets, with higher viscosity due
to the increase in liquid’s resistance to change in shape. These results agree with the experimental
results in the literature such as [87 and 88].
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Figure 131. The effect of viscosity on onset amplitude for atomization at 1.7 MHz frequency and 504 liquid
height.

Figure 132 shows the interface region for a low and a high viscosity cases. Comparing both cases
at 18z, it is obvious that the growth rate of the crest height of the capillary waves at 4upase is much
lower compared to that at 0.5unase and hence, the capillary wave number decreases at higher
viscosities which results in the rise of both capillary wavelength and droplet sizes. Avvaru et al.
[86] showed this behavior schematically as presented in Figure 133. This is another confirmation
that the growth of capillary waves is the prerequisite for atomization and depends on the supplied

energy.
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Figure 132. Comparison of the interface region for two cases with viscosities 0.5ubase and 4unase at different
time steps. The colormap is based on liquid volume fraction.

/\_/\/\/\ MM

P

a b

e

Figure 133. Capillary wave formation for low and high viscous liquids [86].
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Among the non-dimensional numbers, viscosity only appears in Reynolds number. Weber and
Strouhal numbers are constant and are equal to 0.0249 and 70554, respectively. The non-
dimensional numbers are provided in Table 29. Figure 134 displays onset atomization amplitude
as a function of Reynolds number and it reflects the x! relation in Reynolds number. It should be
mentioned that the values for Froude number confirm that the inertial forces are greater than
gravitational forces at the free surface of the liquid film. In addition, the inertial forces dominate

the viscous forces at these amplitudes and therefore, atomization happens.

Table 29. Non-dimensional numbers for different values of liquid viscosity.

Viscosity Re =

(X Mpase)  pr/gHH  pi(gH?)
7 o
0.5 55.2 0.025 81.6 70554 0.0029
27.6 0.025 90.7 70554 0.0057
13.8 0.025 108.8 70554 0.0114
6.9 0.025 145 70544 0.0229
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Figure 134. Onset atomization amplitude vs Reynolds number at different viscosity values at 1.7 MHz
frequency and 502 liquid height.

The combined effect of Reynold number and Weber number is shown in Figure 135 as Ohnesorge

number.
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Figure 135. Onset atomization amplitude vs Ohnesorge number at different viscosity values at 1.7 MHz
frequency and 504 liquid height.

The relationship between liquid viscosity and the droplet size has become one of the concerns in
the recent years. Rajan and Pandit [93] reported that as the liquid viscosity increases, the droplet
size increases. However, Avvaru et al. [86] experimentally observed a reverse trend. They
explained their observations based on the change in viscosity by temperature. As the viscosity of
the liquid increases, it is harder for the liquid to come out of the atomizer nozzle and therefore, the
residence time of the liquid on the surface of the atomizer increases which results in increasing the
temperature of the liquid due to the vibrational energy dissipation. As a result, the viscosity
decreases and at some critical viscosity depending on the operating ultrasound intensity, the liquid
film finally gets atomized. In contrary, Zhang et al. [87], observed that the droplet size and standard
deviation gradually rise with increasing viscosity but after a peak at 0.00788 kg/(m.s), the trend
become reverse and the droplet size and the standard deviation decreases with continuous increase
in viscosity. Their results indicate that when the viscosity value of the liquid is small or large, the

droplet diameter becomes more uniform and smaller, and the droplet size distribution also becomes
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narrower. The authors explained the change in behavior for high viscous liquids using the
cavitation hypothesis. At low liquid viscosity, the damping of cavity shock-wave is also low and
thus, with a continuous supply of energy, cavity shock-wave intensity becomes high, which
contributes to a high droplet velocity and a large droplet size. Nevertheless, by continuing to
increase the liquid viscosity, cavitation becomes suppressed because it needs much more energy
to produce cavitational collapse and therefore, the droplet size decreases. The range of the
viscosities studied in this research are below the peak value described by Zhang et al. [87]. In this
research, the effect of cavitation on ultrasonic atomization is not studied. Figure 136 shows the
effect of liquid viscosity on droplet size and capillary wavelength. Both droplet size and

wavelength increase by increasing viscosity, which agrees with the observations in the literature.
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Figure 136. The effect of viscosity on droplet size and capillary wavelength at 1.7MHz frequency and 504
liquid height.

It should be mentioned that since the onset amplitude is inversely related to the frequency and the

amplitude is high at low frequencies (will be discussed in detail in section 06.3.6, highly viscous
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liquids are very difficult or impossible to atomize using low frequency atomizers and therefore,

MHz frequencies are suitable for atomizing high viscous liquids.

6.3.5 Effect of Liquid Density on Ultrasonic Atomization

One of the advantages of numerical simulations is that the effect of each parameter can be analyzed
isolated from other parameters. In this section, the density of liquid is changed to values of 0.5ppase,
Lpbase, 2pbase, and 4pnase for 1.7 MHz frequency and 50/ liquid height. Increasing density decreases
the capillary wavelength, which reduces the size of the droplets ejected from the crests. Figure 137
shows the effect of density on droplet size and capillary wavelength. Equation (6-21) implies that
the onset amplitude is proportion to the liquid density as p."?® and this behavior is reflected in
Figure 138. From the non-dimensional numbers (Table 30), higher density corresponds to higher
inertial forces and higher values for Reynolds and Weber numbers. This results in ease of droplet
ejection. Figure 139 illustrates the differences between the droplet size and wavelength for a case
with low density and a case with high density. At density of 2pnase, the capillary waves are formed
at the interface at 15.3t, while for the 0.5pbase, the capillary forces are produced at 21.5t and the
wavelength is smaller compared to that of 2ppase. At 21.57 for 2pnase, the capillary waves have

evolved and have higher amplitudes.
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Figure 137. The effect of density on droplet size and capillary wavelength at 1.7MHz frequency and 504 liquid
height.

206



0.5p P 2p 4p
0.58 Y . r

0.57 \
0.56 i\

055 | »

0.54 \
0.53 | ‘

052r LY

Aonset ('”’m)

0.51f \
05 .

0491 Rl .

1 ' 1 = .-,
2500 3000 3500 4000

0.48 ! !
1500 2000

Density (kg/m®)

0 500 1000

Figure 138. The effect of density on onset amplitude for atomization at 1.7 MHz frequency and 504 liquid
height.

Table 30. Non-dimensional numbers for different values of liquid density.

. Density  Re=
(X Phase)  piJgHH  pi(gH?) Ll
—— = [ =
0.5 13.8 0.0125 95.2 70554 0.008
1 27.6 0.0249 90.7 70554 0.0057
2 55.2 0.0498 81.6 70554 0.004
4 110.4 0.0997 79.3 70544 0.0029
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Figure 139. Comparison of the interface region for two cases with densities 0.5pbase and 2pnase at different time
steps. The colormap is based on liquid volume fraction.

Figure 140 shows a 3D plot for the effect of Reynolds and Weber numbers on ultrasonic
atomization amplitude. The combined effect of these two non-dimensional numbers is shown in
Figure 141 as Ohnesorge number. For the cases studied here, the changes in Reynolds number
compared to that of Weber number is appreciable. By increasing Ohnesorge number, the viscous
forces become dominant compared to inertial and surface tension forces and hence, higher energy

is required for atomization, which results in increasing the onset ultrasonic atomization.
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Figure 140. Onset atomization amplitude vs Weber number and Reynolds number at different density values
at 1.7 MHz frequency and 504 liquid height.
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Figure 141. Onset atomization amplitude vs Ohnesorge number at different density values at 1.7 MHz
frequency and 504 liquid height.
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6.3.6 Effect of Exciting Frequency on Ultrasonic Atomization

The effect of frequency on the onset atomization amplitude is studied by using several ultrasonic
atomizers of different frequencies in the range of 50-2000 kHz. The liquid height for these case
studies is 504, for each frequency and the other controlling parameters are constant. Comparing
between the results of different cases revealed that all the ultrasonic atomizers create the same
forms of standing wave configurations. An example of surface wave patterns for 50 kHz and 2
MHz are presented in Figure 142 at their onset atomization amplitudes. Comparing the surface
waves for these two frequencies, it can be verified that the wavelength is larger for the lower
exciting frequency compared to that of the higher exciting frequency.

1] .1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 142. Comparison of the wavelength and atomization rate for two cases of 50 kHz and 2MHz
frequencies. The colormap is based on liquid volume fraction.
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Figure 143 illustrates the relationship between the wavelength and droplet size with frequency and
Figure 144 shows the effect of exciting frequency on the onset atomization amplitude. As the
frequency decreases, the wavelength increases and therefore, the depth of penetration is greater.
The lower frequency has higher period time. Contradictory, higher frequency has lower
wavelength which enables us to observe smaller details. Based on equation (6-21), the onset
amplitude is proportional to £ =3 and this relationship is displayed in Figure 144 from the numerical
simulations. Furthermore, as illustrated in Figure 144, the onset atomization amplitude for 50 kHz
frequency is much higher than the rest of the frequencies studied, and it is 5Asw. This result is in
agreement with Lierke and Greisshammer [129] for low frequency vibrations, which suggests that

the atomization inception amplitude is between 3 to 6 times the critical amplitude.
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Figure 143. The effect of frequency on droplet size and capillary wavelength at 1.7MHz frequency and 504
liquid height.

211



4.5

35¢F 1

AOH set (.H-m )

15T L

05

u i i ' L i ' ' i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (kHz)

Figure 144. The effect of frequency on onset amplitude for atomization at 504 liquid height.

Table 31 represents the non-dimensional numbers for the cases with different frequencies.

Table 31. Non-dimensional numbers for different values of exciting frequency.

 Frequency
(kHz) pi/gHH  pi(gH?)
u o

50 938.5 2.74 6.49 6722 0.0018
500 93.8 0.13 28.1 31203 0.0038
1000 46.9 0.05 53.5 49532 0.0048
1500 31.3 0.029 80.4 64905 0.0055
1700 27.6 0.025 90.7 70554 0.0057
2000 23.5 0.02 96.4 78627 0.006
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Reynolds and Weber numbers are proportional to H and H?, respectively and hence, by increasing
Reynolds and Weber numbers, Froude number decreases. This is due to the fact that the liquid
height is smaller for higher frequencies. Since liquid height is 504 for each exciting frequency, this
is another confirmation that the wavelength decreases as the frequency increases. On the other
hand, Strouhal number is related to both frequency and liquid height. Table 31 shows that as the
frequency decreases, the inertial forces due to the unsteadiness of the flow from ultrasonic

oscillations dominates (higher onset amplitude) and therefore Froude number increases.
6.3.7 Effect of Gravity on Ultrasonic Atomization

The effect of reduced gravity (0g and 0.5g) and high gravity (2g) are studied at 1.7 MHz and the
results are compared to the case of gravity (g). No difference is observed between the three cases
and the onset amplitude for atomization is the same (confirming equation (6-21), which onset
amplitude does not depend on gravity). These results are presented in Figure 145. In fact, the values
of Froude number and Strouhal number at different studied cases (Table 32) imply that the inertial
forces are greater than the gravitational forces and consequently capillary waves dominate over
gravity waves. According to Edward and Fauve [132], the criteria for dominating the capillary
waves over the gravity waves is defined as follows:

ok? (6-27)

7 > g

where K is the capillary wave number (27”). According to equation (1-2), A doesn’t depend on

gravity and hence it has the same value for different gravities studied here. For the gravitational
value of g, the wavelength needs to be much smaller than 0.01703 m to satisfy the above criteria.
This wavelength corresponds to 9.57 Hz frequency which is way out of the ultrasound range. For
29, the critical wavelength reduces to 0.012 and for the case of reduced gravity, it only gets worse
(0.024 m for 0.5g). Capillary wavelength decreases by increasing frequency and for 1.7 MHz
frequency, wavelength is 8.56 um. This information is useful especially in space applications and

it confirms that the ultrasonic capillary waves are the same in terrestrial and spaces applications.
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Figure 145. The effect of gravity on onset amplitude for atomization at 1.7 MHz frequency and 504 liquid
height.

Table 32. Non-dimensional numbers for different values of gravity.

Gravity
(x9)  p.JgHH pi(gH?)
U o
0 27.6 0.025 - - -
05 27.6 0.025 128.2 99778 0.0057
1 27.6 0.025 90.7 70554 0.0057
2 27.6 0.025 64.1 49889 0.0057
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6.3.8 Non-Dimensional Numbers

Non-dimensional numbers are introduced in this research to reduce the number of variables that
describe ultrasonic atomization. Table 33 presents the non-dimensional numbers for all the studied
cases above. The data shows that other than Froude number, which is related to the amplitude, for
the effect of surface tension, only Weber number changes and for the effect of viscosity, only
Reynolds number changes. Since Ohnesorge number is a function of both Reynolds and Weber
numbers, this number is not considered in the evaluations here. However, in order to provide a
universal plot for the effect of non-dimensional numbers on the ultrasonic amplitude (i.e., Froude
number), the numerical simulations have to be conducted such that only one of the non-
dimensional numbers changes. Hence, additional cases are modeled at constant Weber numbers
and Strouhal numbers. The results of these analysis are plotted in Figure 146 and Figure 147. These
plots illustrate that at a constant Weber number, by increasing Reynolds number, the required
Froude number for the atomization to occur decreases. Similarly, at a constant Strouhal number,
Froude number decreases as Reynolds number increases. These plots show the onset conditions
for atomization to occur. Therefore, the area below each graph deploys the condition that ultrasonic
atomization can arise. In another word, to have ultrasonic atomization at a specific Reynolds

number, there is a critical Froude number. In addition to the critical Froude numbers, Figure 148

and Figure 149 show the critical %that is required for ultrasonic atomization. The only difference

is that for Figure 149 at constant Strouhal numbers, contrary to Froude number, % decreases as the

Strouhal number increases, confirming that by increasing the non-dimensional frequency (Strouhal
number), the required amplitude for atomization decreases.
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Table 33. Non-dimensional numbers for different thermophysical properties of liquid and frequencies.

We Fr St Oh

50 938.5 2.74 6.43 6722 0.0018
500 93.8 0.127 28.1 31203 0.0038
1000 46.9 0.05 53.46 49532 0.0048

Frequency
(kH2) 1500 31.3 0.029 80.35 64905 0.0055

Z
1700 27.6 0.025 90.7 70554 0.0057
2000 23.5 0.02 96.43 78627 0.006
3 0.41 8.97x10° 205.6 17282 0.023
Liquid 30 12.83 0.0089 117 54650 0.007
height (x 50 27.6 0.0249 90.7 70554 0.0057
Ath) 100 78.1 0.0997 65.7 99778 0.004
200 220.8 0.3986 47.6 141108 0.0029
0.5 27.6 0.0498 104.3 70554 0.008
Surface

] 1 27.6 0.0249 90.7 70554 0.0057

tension (x
2 27.6 0.01246 81.6 70554 0.004

Gbase)

4 27.6 0.006 74.8 70554 0.0029
0.5 55.2 0.0249 81.6 70554 0.0029
Viscosity (X 1 27.6 0.0249 90.7 70554 0.0057
Hbase) 2 13.8 0.0249 108.8 70554 0.0114
4 6.9 0.0249 145 70554 0.0229
0.5 13.8 0.01246 95 70554 0.008
Density (x 1 27.6 0.0249 90.7 70554 0.0057
Phase) 2 55.2 0.0498 81.6 70554 0.004
4 1104 0.0997 79 70554 0.0029
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Figure 146. Critical Froude number for atomization as a function of Reynolds number at different Weber
numbers. Strouhal number for all cases is 20751.
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Figure 147. Critical Froude number for atomization as a function of Reynolds number at different Strouhal
numbers. Weber number for all cases is 0.0249.
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Figure 148. Critical % for atomization as a function of Reynolds number at different Weber numbers.
Strouhal number for all cases is 20751.
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Figure 149. Critical % for atomization as a function of Reynolds number at different Strouhal numbers.
Weber number for all cases is 0.0249.
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The physical meaning behind the above plots is that in order to have ultrasonic atomization, the
applied amplitude/energy has to overcome the gravitational, viscous, and surface tension forces.
The significance of these plots is that they can assist in designing and optimizing ultrasonic
atomizers. To confirm the advantage of the non-dimensional curves, water, cow’s milk, and
sunflower oil are chosen and the non-dimensional numbers are calculated for them. In these
calculations, the frequency is assumed to be 1.7 MHz and the liquid height is 501 and therefore,
the Strouhal numbers is the same for all the liquids. The properties of the cow’s milk are taken
from [133] and the properties of sunflower oil are from [134 and 135]. Table 33 summarizes the
related calculations. By finding the corresponding Reynolds and Weber numbers for each liquid
on the graphs, it can be confirmed that the non-dimensional amplitude required for atomizing
cow’s milk (~2.1 x 1073) is higher than water (~1.3 x 10). For the case of sunflower oil, Reynolds
number is smaller than the range of the numbers reported in the above figures. But it can be
estimated that the non-dimensional amplitude for sunflower oil can be close to 3.5 x 1073, Figure

150 shows the non-dimensional amplitudes required for atomization for the studied liquids.

Table 34. Non-dimensional numbers for water, cow’s milk, and sunflower oil.

Liquid Re We St
Water 27.6 0.0279 70554
Cow’s milk 6.6 0.0357 70554
Sunflower oil 0.56 0.049 70554
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Figure 150. The estimated non-dimensional numbers for the liquids specified in Table 34.

6.3.9 Capillary Wavelength in Ultrasonic Atomization

The capillary wavelengths are measured by the peak-to-peak distance of the developed free surface

waves. Figure 151 shows the schematic of the peak-to-peak measurements.

A

measured

Figure 151. Peak-to-peak measurements for Ameasured from simulations for 2Aw amplitude, 504 liquid height
and 1.7 MHz frequency.

220



Figure 152 summarizes the results of the measured surface waves versus the capillary wavelengths
calculated by equation (1-2). The interesting results is that the measured and calculated values are
exactly the same. This finding declares that the assumption for the frequency of the surface
capillary waves being half of the excitation frequency is valid in the range of the parameters studied
in this research (50 kHz — 2 MHz frequency). The maximum error in measuring the capillary
wavelength in the simulations is 2.81% which could be related to the accuracy of the
measurements. This finding is another validation for the accuracy of the numerical simulations

reported in this research.
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Figure 152. Measured vs calculated (equation (1-2)) capillary wavelengths.

6.3.10 Droplet Size in Ultrasonic Atomization

The droplet sizes are measured using the available features in Fluent and using ImageJ software.

The results are summarized in
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Table 35 along with the calculated droplet sizes using equation (1-3) from Lang [73]. Since the

measurements in ImageJ are semi-automatic, it appears that the results of measurements using

ImageJ are more accurate and hence, these results are used in further analysis.

Table 35. Comparing the measured droplet sizes with Lang model [73] for various parameters.

Measured Lang model
Fluent Imagel
50 21.5 21.41 30.54
500 5.85 4976 6.58
1000 3.39 3.122 4.14
Frequency
1500 2.36 2.654 3.16
(kHz)
1700 1.85 2.241 2.91
2000 1.77 1.735 2.61
3 - 1.895 2.91
Liquid 30 - 2.13 2.91
height (x 50 - 2.241 291
Atn) 100 - 2.3 2.91
200 - 2.401 2.91
0.5 1.61 2.187 2.31
Surface
) 1 1.85 2.241 2.91
tension (x
) 2 1.88 3.01 3.67
g
base 4 1.92 35 4.62
0.5 - 2.139 2.91
Viscosity (X 1 - 2.241 291
”base) 2 - 2.3 2.91
4 - 2.318 2.91
0.5 2.31 2.41 3.67
Density (X 1 1.85 2.241 291
Pbase) 2 1.77 2.02 2.31
4 1.68 1.961 1.83
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Table 36 extends the results of the measurements by ImageJ and represents the standard deviation
(SD), minimum and maximum droplet sizes for various operating conditions. The small values of

standard deviations confirm the monodispersity of the produced droplets.

Table 36. Measured droplet sizes and their distributions using ImageJ.

Mean SD Min Max
50 21.41 5.277 14.969 36.534
500 4976 0.928 3.893 8.36
1000 3.122 0.776 1.945 5.886
Frequency
1500 2.654 0.612 1.868 4.832
(kHz)
1700 2.241 0.468 1.644 3.365
2000 1.735 0.319 1.16 2.689
3 1.895 0.38 1.353 3.241
Liquid 30 2.13 0.39 0.971 2.564
height (x 50 2.241 0.468 1.644 3.365
A 100 2.3 0.332 1.52 3.34
200 2.401 0.436 1.378 3.495
0.5 2.187 0.433 1.471 3.673
Surface
) 1 2.241 0.468 1.644 3.365
tension (x
) 2 3.01 0.677 1.395 3.978
g
base 4 35 0.563 1.82 4.945
0.5 2.139 0.395 1.605 3.73
Viscosity (x 1 2.241 0.468 1.644 3.365
Hpase) 2 2.3 0.472 1.529 4.128
4 2.318 0.336 1.66 3.048
05 2.41 0.577 1.725 3.366
Density (X 1 2.241 0.468 1.644 3.365
Pbase) 2 2.02 0.513 1.383 4,031
4 1.961 0.507 1.274 4518
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Comparing the measured droplet sizes from the simulation with the droplet sizes calculated by
Lang model, it is clear that Lang model predicted the droplet sizes larger than the measured droplet
sizes. One possible reason for this is that the simulations are in 2D which the droplet sizes could
be slightly different from 3D. Lang model is developed for low frequency ultrasound and therefore,
it may not be able to predict the droplet size in high frequency ultrasound, accurately. In addition,
Lang [73] measured the droplet size by cooling the molten wax droplets and solidifying them. The
solidification and the volume expansion associated with that also could be another reason for
higher droplet size predicted by Lang model. Another possible reason for this difference is that as
it was mentioned above, a good portion of the generated droplets have secondary breakups and it
is important to consider the final average droplet size, which is the case in this study. Furthermore,
the droplet size distribution is strongly dependent on the frequency. It also significantly depends
on the thermophysical properties of the liquid including the surface tension, viscosity, and density.
In addition, the height of the liquid film slightly changes the droplet size and distribution.
Obviously, as it was mentioned before, not all these effects are considered in Lang model. Hence,
by applying the non-dimensional numbers in this study, a correlation for describing the droplet
size as a function of all the controlling parameters is developed. This correlation with R? = 0.924

is given as follows

(6-28)

o 0.333
D= (p fz) [0.5 + 0.001 x Froi5We0225¢0-1Re=012]
l

The range of the variables in this correlation includes f = 50 kHz - 2 MHz, o = 0.036 - 0.288 N/m,
p1 =499 - 3992 kg/m3, 1 = 0.0005 - 0.004 kg/m/s, and H = 256 - 1712 pm, which corresponds to
Fr =28 - 145, We = 0.006 - 0.398, St = 31203 - 141108, and Re = 6.9 - 220. The first term in the
above correlation is representative of the ultrasonic atomization based on capillary phenomena and
the second term is the representative of the dependency of the droplet size on thermophysical
properties of the liquid. The positive sign of the power for Weber number shows the dependency
of the droplet size on surface tension for the range of the studied parameters (We << 1). The
negative sign of the power for Reynolds number implies that the droplet size increases by viscosity.
The positive signs of the power for Froude number and Strouhal number are attributed to the
simultaneous dependency of the droplet size on the amplitude, frequency, and liquid height.
Comparison between the measured droplet size and the predicted droplet size is represented in
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Figure 153. Figure 154 and Figure 155 show the non-dimensional droplet size (D/4) as a function
of Reynolds number for the non-dimensional numbers plotted in Figure 146 and Figure 147,

respectively.
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Figure 153. Comparison between the measured droplet size vs the predicted droplet size.
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Figure 154. Non-dimensional droplet size as a function of Reynolds number at different Weber numbers.
Strouhal number for all cases is 20751.
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Figure 155. Non-dimensional droplet size as a function of Reynolds number at different Strouhal numbers.
Weber number for all cases is 0.0249.

In the above calculations and measurements of the droplet sizes, a size average of about 150
droplets is used. Therefore, some of the droplets were generated in the previous time steps and
some of the droplets were being produced at the targeted time steps. Therefore, the range of the
droplet sizes and the standard deviation for some of the measurements is relatively large. Another
way for the measurements, is looking at different time steps and at each time step only consider
the size of the droplets at the inception point. This avoids the inclusion of droplet collision and
generation of secondary droplets in estimating the mean droplet size. Using these analysis, the

correlation provided in equation (6-28) for predicting the droplet size can be modified as

(6-28)

0.333 A
D= ( 2) [052 + 0.086 x (—)_0'75Weo-85t0.054Re—1,546
pif H
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This new correlation is based on % instead of Froude number and the R? for this correlation is 0.93.

The range of the variables is the same as the correlation in equation (6-28) and % is in the range of

0.00034 - 0.0119.

It should be noted that the reported plots for the effect of various properties on the droplet size in

the previous sections, are based on this method of measuring the droplet size.

Figure 156 compares the predicted droplet sizes from equation (6-28) with the droplet sizes
calculated by Lang model. This figure shows that Lang model predicted the droplet sizes larger
than the droplet sizes observed in this study. One possible reason for this is that the simulations
are in 2D and therefore, the analysis does not directly represent a 3D droplet configuration.
However, Lang [73] measured the droplet size by cooling the molten wax droplets and solidifying
them. The solidification and the volume expansion associated with that could be one reason for
higher droplet size predicted by Lang model. It should be noted that the deviation from Lang model

increases as the wavelength increases.
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Figure 156. Comparing the predictions from equation (6-28) developed from the numerical simulations and
the calculated droplet sizes from Lang model.
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Figure 157 and Figure 158 show the non-dimensional droplet size (D/4), calculated by equation
(6-29), as a function of Reynolds number for the non-dimensional numbers plotted in Figure 146
and Figure 147, respectively. These plots show that at a constant Weber number or a constant
Strouhal number, by increasing Reynolds number, the non-dimensional droplet size decreases.

These plots can assist in predicting the droplet size in ultrasonic atomizers.
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Figure 157. Non-dimensional droplet size as a function of Reynolds number at different Weber numbers.
Strouhal number for all cases is 20751.
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Figure 158. Non-dimensional droplet size as a function of Reynolds number at different Strouhal numbers.
Weber number for all cases is 0.0249.

It should be noted that the droplet size analysis is limited in terms of applications since the

numerical simulations are conducted in 2D.

6.3.11 Ultrasonic Atomization of a Water Droplet

To extend the numerical simulations, ultrasonic atomization of a water droplet sitting on a
vertically vibrating flat plate instead of a liquid thin film is studied. The radius of the droplet is 4.7
mm. The governing equations are the same as described in section 6.1 and the boundary conditions
and dimensions are illustrated in Figure 159. For simplicity, the fluid motion and the interface
shape are symmetrical with respect to the vertical axis. A sinusoidal acceleration-oscillation with
0.55 um amplitude at 1.7 MHz frequency is applied to the vibrating plate. One of the challenges
in numerical simulation of droplets is the use of proper contact angle. In this study, the contact
angle of the gas-liquid interface with the horizontal plate is assumed to be constant and it is
considered to be 84° similar to Suzuki and Mitsuishi [136]. At the start of the simulation, a water
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droplet with the shape of 1/8" sphere is placed on the plate. Figure 160 shows the volume fraction
of water after 26.10 ps. The significant difference between the simulation of a water droplet and a
liquid film is that the droplet ejection starts from the edges of the water droplet in contact with the
vibrating wall since the minimum thickness of the liquid is at this area.

Pressure Outlet
1.37 mm

0.856 mm

Symmetry No-slip wall

Water Droplet,
1/8 th of a sphere,
Radius = 4.77 mm

Oscillating wall

Figure 159. 2D schematic of the problem in numerical simulation for direct-contact ultrasonic atomization of
a water droplet sitting on a vibrating wall (not to scale).
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Figure 160. Volume fraction of water at 26.10 ps.
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6.3.12 Airborne Ultrasonic Atomization

In the previous sections, the mechanism, and fundamentals of ultrasonic atomization for a direct-
contact ultrasound setup was discussed in great details. However, there is a lack of understanding
and knowledge for the mechanism of ultrasonic atomization and droplet formation in an airborne
ultrasound setup and there is no information that can be found in the literature. This is mostly due
to the complex hydrodynamic nature of ultrasonic atomization. Airborne ultrasonic atomization is
relatively new compared to direct-contact ultrasonic atomization. In addition, equation (6-21) for
the onset of capillary waves only applies for direct-contact ultrasonic atomization and this is
necessary to explore the impact of fluid properties and ultrasound characteristics on onset
amplitude for atomization in airborne ultrasound. As it was mentioned above, experimentally
investigating the surface waves and the droplet characteristics requires very high resolution and
high-speed cameras and laser diffraction devices. CFD is an alternative tool for characterizing the
ultrasonic atomization phenomenon. The behavior of oscillatory flow could be further complicated
if more than one fluid is present (e.g., water-air two phase flow). Hence, by applying the developed
2D CFD model in section 6.1, the process of airborne ultrasonic atomization of liquid water and
the droplet formation are studied. The described numerical modeling strategy allows for better
visualization and understanding of the oscillatory two-phase flow than experiment alone.

In this section, the same governing equations as described in section 6.1 are applied. Figure 161

represents the 2D schematic of the problem.
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Figure 161. 2D schematic of the problem in numerical simulation for non-contact ultrasonic atomization (not
to scale).

In this case, the upper boundary is oscillating sinusoidally by applying dynamic mesh. Dynamic
mesh means that the computational mesh is not the same but can change during computation. The
lower boundary is a non-slip wall. The liquid layer covers the lower wall, and the ultrasonic waves
propagate to the interface of liquid/gas through air. The lateral boundary conditions, adjacent to
the liquid, are free-slip walls and the parts adjacent to the air are pressure outlets. The lateral walls
adjacent to the liquid are taller than the interface of gas/liquid, otherwise the liquid overflows to
the outlet boundaries. The same assumptions as previous sections are applied to this 2D numerical
model. Flow is laminar, and both liquid and air are considered to be Newtonian and

incompressible.

To explore the differences between the mechanisms of direct-contact and airborne ultrasonic
atomization, one case of non-contact ultrasonic atomization at 21 kHz frequency is discussed in

detail. Table 37 shows the geometrical parameters related to this case.
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Table 37. Geometrical dimension for the base case studied for airborne ultrasonic atomization at 21 kHz

frequency.
Parameter Dimension

Domain horizontal length 8 mm
Domain vertical width 2.48 mm
Liquid height 0.48 mm
Lateral wall 0.96 mm

Distance between the oscillating
wall and gas/liquid interface 2mm

Figure 162 shows the contours of absolute pressure in the domain at 0, t/4, t/2, 3t/4, and t for the
first oscillating period in the simulation at this amplitude. The applied amplitude for this case is
75 um. Initially, the pressure is zero at the beginning of the simulation (t = 0). With the oscillations
of the upper wall, the pressure inside the domain increases and has a peak at t/4 (compression
cycle). After the peak, the pressure decreases. At t/2, the maximum pressure is at the oscillating
wall and as the distance increases, the pressure decreases, resulting in contours of pressure in the
domain. At this time, the expansion cycle initiates. At 3t/4, the expansion is at maximum and at t,
the expansion cycle ends, leading to minimum pressure at the oscillating wall and increase of
pressure as the distance from the wall increases. These compression and expansion cycles can be
observed more clearly in Figure 163. In this figure, to have a better comparison of the changes in
pressure at different time steps, the contours of absolute pressure are plotted with the same

colormap.
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Figure 162. Contours of absolute pressure (Pa) in the domain at different oscillation periods (for 75 pm

amplitude and 21 kHz frequency).
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Figure 163. Contours of absolute pressure (Pa) in the domain at different oscillation periods (for 75 pm
amplitude and 21 kHz frequency).
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The contours in Figure 163 show the pressure oscillation in the horizontal direction in the liquid

layer and confirm sinusoidal behavior of the pressure in the simulations.

The changes in volume fraction of water at different time steps and the contours of velocity are
shown in Figure 164 and Figure 165, respectively. For the case of airborne, the mechanism of
ultrasonic atomization and the propagation of ultrasonic waves in the liquid/gas interface is
different from the case of direct-contact ultrasonic atomization. The ultrasonic waves start from
the upper wall and travel through the air to reach to the interface and then reflect back to the air.
This reflection of the waves from the interface is due to the impedance mismatch between water
and air. The density (p) of liquid water (998.2 kg/m®) is three orders of magnitudes higher than the
density of air (1.225 kg/m®) and the speed of sound (c) in water (1480 m/s) is 4.47 times higher
compared to that in air (331 m/s). Therefore, there is a significant difference between the
impedance in water (1477336 kg/m?/s) and in air (405.475 kg/m?/s). This impedance mismatch is
the factor that determines the efficiency of airborne ultrasonic atomization, and it is responsible
for the fact that higher amplitudes are required for atomization in an airborne setup compared to
that in a direct-contact setup. Figure 165 shows that the instabilities at the interface initiate from
the walls of the domain. Since the fluid is considered to be incompressible, the compression and
expansion cycles of the moving wall at the top result in compressing the air out of the domain and
sucking the air into the domain, respectively. From Figure 165, it appears that the motion of air
generates some vortices in the outlets and in the contact points with the lateral walls of the domain.
The vortices induced by air flow in and out of the domain disturb the liquid interface. On the other
hand, the reflection of the waves from the interface results in vortices in the air domain. These
vortices push the water upward in the vicinity of the walls and push it downward in the middle and
make peaks at the interface. This results in thinning of the liquid film in the center of the domain.
As these vortices get stronger by time and push the water upward more, the peaks at the interface
become larger until the tip of the peaks is very thin. At this point, the upward motion of the peaks
overcomes the surface tension forces and leads to necking and eventually breaking up of the peaks.
This airborne ultrasonic atomization highly depends on the exciting amplitude. At low amplitudes,
the ultrasonic waves may create motion at the interface however, the generated vortices are not
strong enough to cause atomization. On the other hand, at amplitudes higher than the critical
amplitude, the vortices are stronger and can push the water away from the walls. In this case, the
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ultrasonic atomization occurs earlier and faster. For example, Figure 166 represents the changes
in volume fraction of water and the movements of the interface for a similar case but at 100 um
amplitude. Figure 167 shows the changes in the contours of velocity in the domain. Comparing
Figure 167 with Figure 165 reveals that the velocity magnitude is higher for 100 pm amplitude
compared to that of 75 um amplitude. Figure 168 shows the velocity vectors of the vortices and
the direction of flow at 4.75 ms, 5 ms, and 5.25 ms. These velocity vectors show how the
compression and expansion cycles result in change in the direction of the velocity in the domain
and hence, induces vortices imposed on the interface that make the instabilities leading to

atomization and droplet formation.
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Figure 164. Volume fraction of water for the case of 75 pm amplitude, 32 liquid height and 21 kHz frequency
(airborne).
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Figure 165. Contours of velocity (m/s) for the case of 75 pm amplitude, 31 liquid height and 21 kHz frequency
(airborne). At 13.33 ms, the velocity at the upper corners of the domain is higher than 41 m/s.
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Figure 166. Volume fraction of water for the case of 100 pm amplitude, 34 liquid height and 21 kHz
frequency (airborne).
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t=0.95ms

t=5.24ms

Figure 167. Contours of velocity (m/s) for the case of 100 pm amplitude, 34 liquid height and 21 kHz
frequency (airborne).
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Figure 168. Velocity vectors (m/s) at: (a) 4.75 ms, (b) 5 ms, and (c) 5.25 ms for the case of 100 pm amplitude,
32 liquid height and 21 kHz frequency (airborne).

It should be noted that the geometry used in the simulations for airborne ultrasonic atomization is
different than the experimental setup described in chapter 5. In the experimental setup, the
ultrasonic vibrations from the piezoelectric transducer are transferred to the plate. The vibrations
then get distributed on the surface of the plate. The plate used in the experiments in chapter 5 have
12 nodal lines. Therefore, the resonant frequency of the plate itself is different than the transducer.

In addition, the sample underneath the transducer plate receives the waves that are a sum of all the
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generated waves from different nodal lines (Fourier transform). However, in the numerical

simulations, the waves that are propagating from the upper wall are uniform sinusoidal waves.
6.4 Summary and Conclusions

In this study, the importance of controlling parameters and thermophysical properties of liquid on
ultrasonic atomization over a wide range of parameters and frequencies (50 kHz — 2 MHz) was
explored. Multiphase CFD simulations were conducted to further understand the atomization
process. The liquid inside the container experienced vertical vibration from the bottom wall that
propagates waves on the stationary surface of the liquid. At a high enough amplitude, the applied
ultrasonic vibrations disturbed the surface of the liquid film and generated waves that are called
capillary surface waves. The energy to disturb the liquid interface needs to be higher than the
surface tension, viscous, and gravitational forces. The unstable surface waves, which are
responsible for the droplet formation, were visualized by the multiphase CFD simulations. As the
applied amplitude increases, at a critical amplitude, ultrasonic atomization begins by forming
ligaments at the interface and eventually breakups to form droplets. It appeared that the mechanism
and dynamics of atomization is similar for high and low frequencies. In addition to the droplets’
collisions, another observation was that the ejected droplets showed a secondary breakup which
could be due to their high inertial energies to form multiple droplets. The results confirmed that
the onset atomization amplitude depends on the liquid height, surface tension, viscosity, density
as well as the frequency of the vibrations. Increasing surface tension, density, and frequency
decreased the onset atomization amplitude, whereas increasing liquid height and viscosity
increased the onset atomization amplitude. The importance of the effect of viscosity is higher than
surface tension (u vs o®). Therefore, by selecting a proper surfactant to modulate surface tension
it is possible to decrease the energy required for ultrasonic atomization and to increase the energy
efficiency. Using non-dimensional numbers, the minimum Froude number for ultrasonic
atomization at different values of Reynolds number, Weber number, and Strouhal number were
provided. Furthermore, a correlation for predicting the droplet size as a function of thermophysical
properties of liquid and controlling parameters was provided. The number of droplets increased,
and the droplet size decreased with increasing the vibration frequency. The qualitative effect of
different parameters on onset atomization amplitude and resultant droplet size agreed with the

experimental data in the literature. In addition, the peak-to-peak measurements of the wavelengths
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for the capillary waves showed that the frequency of the capillary waves at the surface of liquid
film is half the exciting frequency. This matches with the experimental observations in the
literature and thus, is another validation for the accuracy of the proposed numerical model.
Furthermore, this numerical model was employed to study the mechanism of airborne ultrasonic
atomization, which is different than the direct-contact ultrasonic atomization. In an airborne setup,
the ultrasonic waves propagate through air to reach to the interface. The compression and
expansion cycles of the ultrasonic waves induce vortices in the air above the interface and result
in disturbing the interface. These disturbances, at a sufficiently high imposed amplitude, lead to
atomization and ejection of droplets from the interface. The proposed numerical model has great
potentials in investigating atomization under different conditions. Some of the other applications

will be discussed in chapter 7 (recommendations).

244



Chapter 7. Summary and Recommendations

7.1 Summary

In this dissertation, the conducted research covered five subjects as follow,

1- Numerical study of removal of water trapped between fibers in paper drying;

2- Numerical study of removal of water trapped inside a single cellulose fiber;

3- Experimental study of drying of paper with direct-contact ultrasound mechanism;

4- Experimental study of drying of paper with airborne ultrasound mechanism;

5- Numerical study of the onset of ultrasonic atomization of a liquid film and resultant droplet

size (direct-contact and airborne).

In chapters 2 and 3, the removal of water at the intermediate stage of paper drying was studied,
numerically. Specifically, the water was trapped in between fibers and inside a single micro-scale
fiber. The properties of the fibers are associated with the cellulosic fibers. Two separate
multiphysics and multiphase numerical models were developed and the impact of geometrical
characteristics of the fibers, physical properties of the liquid, the applied heat flux, and the velocity
and temperature of air on drying rate were investigated. These two chapters provide fundamental
understanding of removal of water in the microscale in paper drying. One of the takes aways from
these two chapters is the effect of instabilities induced by Marangoni flows on enhancement of
drying rate. Other possibilities for increasing the drying rate at the intermediate stage of drying
curve include increasing the applied heat flux on the outer surface of the fiber or increasing the
inlet air temperature and impinging jet air velocity. The results showed that for removal of water
trapped between the fibers or the water trapped inside a fiber, fibers with larger diameter, length,
and thickness dry slower as the total volume of liquid increases in these cases. Additionally,
increasing the thickness of the fiber wall, reduces the heat transfer rate and thus, the fiber dries
slower. The outcome of these simulations provides remarkable insights on the fundamentals of the

effective factors on removal of water during the intermediate stage of drying curve.

Chapters 4 and 5 systematically explored the potentials of direct-contact and airborne (non-

contact) ultrasonic drying. ANOVA analysis was used to investigate the impact of different
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controlling factors on ultrasonic drying, both direct-contact and airborne. Both mechanisms
showed that basis weight/thickness of the sample has the maximum effect on the total time of
ultrasonic drying and it is followed by the effect of initial moisture content and refining condition.
Comparison of the microscopic images and air permeability measurements for different samples
revealed that the sheet formation and pore characteristics of the paper samples have significant
impacts on the drying behavior. Softwood fibers dry faster compared to that of hardwood fibers
and unrefined fibers dry faster than refined fibers, due to higher permeabilities of air in softwood
and unrefined paper samples. By increasing the basis weight and hence, the thickness of the
sample, the air permeability decreases, resulting in a longer path for water removal from the pores.
Furthermore, two correlations for predicting the total time of ultrasonic drying and area under the
drying curve were provided. Ultrasonic drying is a green and sustainable technology and can guide
the industry toward electrification of their processes. The prominent outcome of this research is
that ultrasonic drying is most efficient, in terms of drying rate and energy factor, at higher moisture
contents. This conclusion can help industry to develop ultrasonic assisted drying technologies. For
example, ultrasonic drying can be installed in the upstream of the dryer section, when the moisture
content is high and as the moisture content decreases, another technology can be employed. This
technology can also be applied in the beginning of the dryer for the purpose of making the moisture
content to be uniform in the cross section (C-D) of the paper. Ultrasonic drying/dehydration is
either a low heat drying process in the case of direct-contact or a negligible thermal heating for
airborne ultrasonic drying and hence, this technology not only assists in improving the efficiency
of the process, but also improves the product quality, such as whiteness index and tensile strength.
Direct-contact ultrasonic drying is applicable for a batch process, while airborne ultrasonic drying
is suitable for a continuous drying process. The drying rate for direct-contact ultrasonic drying is
an order of magnitude higher than the drying rate in airborne mechanism. This is mostly due to the
impedance mismatch between the media in airborne ultrasonic drying. Nevertheless, the energy
efficiency of drying for both the transducers employed in this study for direct-contact and airborne
ultrasonic drying were the same. The outcome of these studies will help in the design and

retrofitting of ultrasonic drying in various processes.

In chapter 6, a sophisticated numerical model was developed to fundamentally understand the

physics behind ultrasonic atomization. The related mechanism for propagation of ultrasonic waves
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inside the liquid, generation of the instabilities at the interface, and ejection of the droplets were
observed by implementing numerical simulations. The onset amplitude for ultrasonic atomization
was determined for different thermophysical properties of liquid and operating conditions. The
results showed that to reduce the onset atomization amplitude, one can increase surface tension or
reduce viscosity, density, and liquid height. Furthermore, increasing the exciting frequency
reduces the onset amplitude for atomization and thus, the required electrical power for atomizing
the liquid film decreases. The critical non-dimensional numbers for atomization were also obtained
and a unique map for onset of ultrasonic atomization was provided. The numerical simulations
revealed details that are difficult to capture in the experiments including secondary droplets
formation and collision of the droplets. It appeared that the mechanism and dynamics of
atomization is similar for high and low frequencies. Additionally, the effect of different parameters
on the droplet size was studied. These results provide the essential conditions in controlling the
droplet size. A correlation for predicting the droplet size as a function of non-dimensional numbers
was provided. The measured frequency of the surface waves in the simulations was half of the
exciting frequency which agrees with the literature. This multiphase numerical model for the first

time provided fundamental insights on ultrasonic atomization at a wide range of parameters.
7.2 Recommendations

The removal of water at the final stages of drying is numerically studied in this research. The
experimental validation of this numerical simulation requires high resolution and high-temperature
microscopes. If there is an accessibility of the high-resolution equipment at micro-scale, the
experimental validation is recommended. In addition, the numerical model for free water removal
is available in the literature, however numerical study of bound water removal is more challenging
and not available as continuum does not apply in nano-scale. It is recommended to develop a
numerical model for this case. Another recommendation would be to combine the numerical model

developed in this research with the model for free water removal.

For direct-contact ultrasonic drying, there are a few recommendations. Firstly, the measurements
of the energy consumption by the power amplifier revealed that the actual power consumed by the
power amplifier is 400 W more than the applied power to the transducer (10 W). This is due to the
fact that the commercial power amplifiers are designed to cover a wide range of powers and
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frequencies and therefore, there are lots of energy loss in the internal components of the power
amplifier. Hence, it is recommended to design and build power amplifiers with a narrower range
of frequencies and powers regarding the transducers used in this study in order to increase the
energy efficiency of the setup itself. Secondly, the size of the samples used in the direct-contact
ultrasonic drying had almost the same size as the transducer (19.8 mm in diameter) to cover the
surface of the transducer. To be able to conduct the experiments for a larger sample, it could be
recommended to connect several transducers. These transducers can be connected in series or

parallel and their performance could be compared to each other.

For airborne ultrasonic drying, study of the impact of different shapes and hole sizes of the mesh
sample holder on ultrasonic drying is recommended. The ultrasonic wavelength at 21 kHz
frequency is about 17 mm and the size of the holes for the mesh sample holder used in this research
was about 5 mm. It may be worthwhile to answer to the question of what if the hole sizes are larger
than the ultrasonic wavelength and to explore the impact of that on the drying rate and efficiency.
Furthermore, in-situ measurements of the changes in pore sizes and volumes during drying could
help in understanding the impact of pore characteristics on ultrasonic drying behavior. In
conducting the experiments, a few ideas have come up that could be applied to make the
experimental testing fixture more robust. The first recommendation is to design an automatic arm
that is connected to the transducer from the top in a way that it can move intermittently. In the
experiments conducted in this research, the weight of the sample was measured at intermittent of
about 2 min. The challenge was that if the scale was placed under the sample, the ultrasonic
pressure would have caused the weight to change artificially and consequently, the weight had to
be measured intermittently instead of continuously. This was done by removing the sample from
under the transducer, quickly measure the weight and put it back on the sample holder. Considering
the possible impact of this method of measurement on the evaporation, the automatic arm could
be a smart way to remove the transducer away, measure the weight and bring back the transducer
to the original location for the purpose of reducing the “wasted” time, enhancing the consistency
in measurements, and automating the procedure. Another improvement for the experimental
testing fixture could be to rebuild the setup with stronger and heavier aluminum rails or build the
setup on a benchtop to minimize the influence of external vibrations on the experiments. Moreover,

the design of airborne ultrasonic transducers is a hot topic since there is an urge to improve the
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impedance mismatch between the transducer plate and air and also between air and the sample. In
my opinion, one reason is that there is a knowledge/communication gap between the engineers
who design and build the transducers and the engineers who use the transducers to develop
technologies. In addition, the requirements, the needs, and the limitations of the technology
development must be communicated and considered in the design. Hence, one recommendation
would be to bring a group of multidisciplinary scientists and engineers (physics, electronics,
mechanical, and materials backgrounds) to collaborate on building the next generation of the
transducers. Combining ultrasonic drying, especially airborne mechanism, with other drying
technologies including hot air drying is highly recommended as the results of this research
confirms that ultrasonic drying is more efficient at higher moisture contents and the efficiency of
drying decreases as the sample gets dried. Combining this technology with other drying
technologies and optimizing the efficiency of drying using machine learning and artificial
intelligence algorithms can be applied in development of the next generation of smart dryers. On
the other hand, since the experiments in this research are conducted stationary, the application of
ultrasonic transducers for a moving belt setup could be explored as the future direction of this
research. The effect of the hot air temperature, hot air velocity, and speed of the belt can be
investigated. This will be beneficial for further optimization of the drying process. In addition, the
ultrasonic drying, both direct-contact and airborne, could be applied for drying products other than
paper hand-sheets for instance cookies, vegetables, fruits, and other porous media. The results of
drying rates for both direct-contact and non-contact ultrasonic drying could also be used as source
terms or fluxes at the boundary conditions in development of numerical models for drying. Another
aspect of ultrasonic drying that worth exploring is its application in space (both reduced gravity
and high gravity). In space applications, this is very necessary to remove the water from food waste
and human waste to be able to reuse this water. Ultrasound technology could have great potentials

in this regard.

For numerical simulation of ultrasonic atomization, the developed model has great potentials for
modeling various scenarios, and it is recommended to extend the application of the numerical

model to:

- Study of the ultrasonic atomization behavior for different liquids, for example oil, milk,

alcohol, etc.
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- Include the effect of ultrasonic waves on heat transfer enhancement inside the liquid and
counting for evaporation

- Study the porous media drying using ultrasound mechanism, with both direct and non-
contact mechanisms

- Extend the model to 3D

- Simulate spray drying

- Combine free water removal and the other numerical models for removal of water at the
final stages of drying with ultrasonic drying

- Numerically simulate the atomization due to shear by applying an oscillating air pressure
at the inlet boundary condition

- Study the impact of different controlling parameters and thermophysical properties of

liquid on airborne ultrasonic atomization

Additionally, study of the effect of cavitation on ultrasonic atomization at high power intensities
is recommended. Visualization of the ultrasonic atomization using Laser Doppler Vibrometer and
PIV, measuring the diameter of the droplets and comparing the results to the results of the

numerical simulations could also be another step forward for this project.
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Chapter 8: Impact

With the advancements of the modern technologies, the planet Earth is heating up and the science
clearly has shown that to avert the worst impacts of climate change and preserve a livable planet,
global temperature needs to be controlled. For this purpose, there has been a call by the United
Nation to reduce the CO2 emissions by 45% by 2030 and reach to net zero by 2050 [137]. The
industry sector is the source of 24% of greenhouse emissions in the USA and it holds one of the
keys in controlling the global warming [138]. Drying is a common process for energy intensive
sectors and thus, fundamental understanding of this process can assist in improving industry to
reach zero carbon footprint by 2050. The expected impact of this thesis is to provide the related
industry with fundamental understanding of water removal in the absence and presence of
ultrasound mechanism. Fundamental understanding of the effect of different controlling
parameters on drying at the final stages assist in improving the current drying technologies. In
terms of energy savings, ultrasonic drying is a green and sustainable technology, and it is expected
that it will have a significant impact on energy saving and reducing CO2 emissions, globally. This
technology moves the related industries toward electrification as it does not use any fossil fuels.
Electrification is important in reduction of carbon footprint and thereby mitigates climate change
and contributes to the mission of zero net carbon footprint by 2050. Department of Energy
estimates that using novel non-thermal drying technologies, it is possible to save 0.5 quad/year
energy in drying industries (1.2 quad/year). If it is assumed that the energy saving in paper drying
is 0.1 quad/year, therefore, it is anticipated that energy savings by ultrasonic drying of paper is at
least 1% of 0.1 quad/year. This amount of energy is equivalent to 264,550,000 kg/year reduction
in CO2 emission according to the calculator provided in [139]. Furthermore, ultrasonic drying
improves the product quality as it operates at low temperatures. This technology can contribute to
the design of smart dryers. In addition, ultrasonic drying could be applied to industries other than
paper industry including food, waste food, chemical, and pharmaceuticals. This study can assist in

the design and retrofitting of ultrasonic drying in various processes.

The impact and importance of the numerical simulation of ultrasonic atomization is in optimal

design of spray atomizers/dryers. The droplet generation is known to have a variety of applications
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and has continued to be an area of broad interest. For the food and paper industry, knowing the
impact of the operating conditions and thermophysical properties of liquid on the ultrasonic
atomization behavior and the droplet sizes, could advantage in optimizing the setup to enhance the
drying efficiency. For example, the results of this research revealed that increasing frequency,
surface tension, and density decreases the required input power for ultrasonic atomization. On the
other hand, increasing the viscosity and the liquid height has an opposite effect. This information
could help the industry to select the proper additives/surfactants and to come up with a “secret”
recipe to improve the efficiency of their process and control the desired characteristics.
Furthermore, ultrasonic atomization has other applications. For instance, inhalation or pulmonary
is a vitally important rote for noninvasive drug delivery. The size of the aerosol particles for each
application has an optimum size range which plays a significant role in the efficient and effective
delivery of inhaled medications to the lung (1 to 5 um). The results of the current research provide
the basis for viable devices in pulmonary drug delivery. Other applications of ultrasonic
atomization could be in coating and processing of nano-electronic structures and devices.
Fundamental understanding of ultrasonic atomization provides insights for evaluating the
performance and optimal design of atomizers in terms of cost and energy efficiency.
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Appendix A: Kinetic Models for Ultrasonic Drying

Curves

In Chapters 4 and 5, 22 factorial design of experiments was employed to describe the kinetics of
ultrasonic drying and to come up with a correlation for predicting the total time of drying. Another
method that can be applied to predict ultrasonic drying curves is using kinetic models. Table 38
represents the semi-theoretical and empirical models that are often applied to ultrasonic drying

curves. Each of these models has its own model constants that are specified in the table.

Table 38. Semi-theoretical and emprical models applied to ultrasonic drying curves from Inyang et al. [140].

T T e

Lewis (Newton) M, = exp(—kt) k
Page M, = exp(—kt") k n
Modified Page M, = exp(—(kt)") kn
Midilli et al M, = exp(—=kt") + bt k. n b
Henderson and
2 M, = A exp(—kt) A k
Logarithmic M, = Aexp(—kt) + ¢ Ak c
Two-term M, = A exp(—kot)+B exp(—k,t) A, ko B, ky
Two-term M, Ak
exponential = Aexp(—kt) + (1 — A) exp(—kAt) v
t
Weibull M, = exp(—(;)“) a8
t—b_,
Gaussian M, = a exp(—(—)%) a b, c
c
Wang and Singh M, = 1+ at + bt? o,b

In these models, M is the average moisture content at time t and is defined as follows
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Mr _ My — Mpone—dry (A-l)

Mo — Mpone—dry
where my is the mass at time t, Mpone-ary IS the mass of dried sample, and mo is the initial mass. In
these analyses, the drying curves from direct-contact ultrasonic drying are used, as an example.
By fitting each model to the drying curves for different softwood and hardwood samples, the model
parameters are obtained. Table 39 summarizes the outcome of curve fittings and Table 40 shows
the kinetic models prediction evaluation in terms of R? (coefficient of determination), RMSE (root
mean squared error), and PE (percent error). PE can be calculated as following
. - (A-2)

100 M ; - M )
PE(%) = ~ Z rexpj\:;ment,L Tmodel,i

i=1 Texperiment,i

Figure 169 compares the goodness of each model prediction by using the PE values. Page model,
modified page model, Midilli et al. model, and Weibull model show the minimum PE values, less
than 4%. This means that the predictions from these four models are the most accurate among the

model studied here.

Although the goodness evaluation of the above models shows that the model predictions are
acceptable and agree with the experimental data, there are a few items that need to be pointed out.
First, the R? and PE values for factorial design of experiments are higher compared to the kinetic
models. Second, by looking at Table 39, each model has a different constant value for each sample.
It may be possible to combine the effect of all the factors (i.e., moisture content, thickness, and
refining condition) and come up with a correlation for the model parameters as a function of the
controlling factors however, this adds to the complexity of the model and also reduces the accuracy
of the predictions. Third and most importantly, the kinetic models do not consider the interactive
effects of the controlling factors in their calculations. Hence, in this study, 23 factorial design of

experiments and linear regression analysis were employed for analyzing the drying curves.
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Table 39. Empirical kinetic models: calculated model parameters.

kl

H-unR-100-0.3

0.5760 0.89%6 | 1.6735 | 0.53388 | 1.6740 | 0.8850 | 1.5555 | -0.0227 | 1.1166 | 1.0846 | 1.55926 | 0.5002 | -0.5426 | 0.5584 | 1.0850 | 0.5584 | 1.0850 | 2.0726 | 1.5774 | 1.6740 | 1.0652 | 1.0054 | -0.1863 | 1.2620 |-0.6763 | 0.05954
H-unR-150-0.3

1.0250 0.9651 | 1.5347 | 0.5758 | 1.5347 | 0.5253 | 1.4243 |-0.0202 | 1.1075 | 1.1313 | 1.3549 | 0.6629 | -0.3035 | 0.5538 | 1.1314 | 0.5535 | 1.1314 | 2.0128 | 1.6014 | 1.5347 | 1.0207 | 1.0733 | -0.3868 | 1.3737 |-0.7345 | 0.1301
H-uaR-100-0.6 0.6330 0.4633 | 1.5334 | 0.6154 | 1.5334 | 0.5641 | 1.4425 |-0.0230 | 1.1375 | 0.7148 | 1.6387 | 0.3207 | -0.5845 | 0.5637 | 0.7148 | 0.5637 | 0.7143 | 2.0370 | 1.01595 | 1.5833 | 1.6146 | 1.0613 | -0.5025 | 2.0975 |-0.4383 | 0.0353
H-unR-150-0.6

0.7951 0.6663 | 1.5128 | 0.7646 | 1.5128 | 0.7454 | 1.4631 |-0.0071 | 1.1335 | 0.8886 | 1.3221 | 0.5609 | -0.2522 | 0.5620 | 0.8887 | 0.5620 | 0.8887 | 1.0097 | 0.7952 | 1.5128 | 1.2078 | 1.1459 | -0.6381 | 1.8428 | -0.5770 | 0.0817
H-E-100-0.2

1.2351 1.2114 | 1.6305 | 1.1808 | 1.6304 | 1.1247 | 1.5317 | -0.0223 | 1.1187 | 1.3737 | 1.4341 | 0.7501 |-0.3716 | 0.5593 | 1.3737 | 0.5593 | 1.3737 | 2.0962 | 2.0119 | 1.6303 | 0.8469 | 1.0569 |-0.2352 | 1.0636 | -0.8733 | 0.1777
H-R-150-0.3

0.3577 0.8838 | 1.4110 | 0.5159 | 1.4110 | 0.8963 | 1.2624 |-0.0079 | 1.1026 | 1.0511 | 1.2354 | 0.7361 | -0.1755 | 0.5518 | 1.0512 | 0.5518 | 1.0512 | 1.9630 | 14646 | 1.4111 | 1.0871 | 1.2022 | -0.8642 | 1.7506 |-0.6950 | 0.1230
H-R-100-0.6

0.6578 0.4824 | 1.6385 | 0.6409 | 1.6386 | 0.6091 | 1.5433 | -0.0133 | 1.1484 | 0.7538 | 1.5687 | 0.3687 | -0.4520  0.5742 | 0.7539 | 0.5742 | 0.7539 | 2.1018 | 1.0903 | 1.6386 | 1.5602 | 1.0751 | -0.4586 | 1.9642 |-0.4553 | 0.0439
H-R-150-0.6

0.5311 0.3737 | 1.4474 | 0.5112 | 1.4474 | 0.4506 | 1.3743 | -0.0073 | 1.1225 | 0.55937 | 1.2914 | 0.3857 | -0.2258 | 0.5613 | 0.5937 | 0.5613 | 0.5937 | 1.9306 | 0.8196 | 1.4475 | 1.9561 | 1.2139 | -1.2665 | 2.5721 |-0.3363 | 0.0370
5-unR-100-0.3 106.660

1.2008 2.1857 | 1.4582 | 1.7055 | 1.4682 | 1.6039 | 1.3434 |-0.0360 | 1.0654 | 1.5124 | 1.2866 | 1.1857 | -0.2580 | 0.5343 | 1.5128 | 0.5345 | 1.5123 | 0.5504 | 1.3008 | 1.4682 | 0.5863 0 -67.0250{ 28.5440 | -1.2304 | 0.4053
S-unR-150-0.3

1.1001 1.1004 | 1.6852 | 1.0584 | 1.6851 | 0.9579 | 1.5048 |-0.0433 | 1.1091 | 1.2154 | 1.7517 | 0.4859 | -0.7117 | 0.5545 | 1.2152 | 0.5545 | 1.2152 | 2.0608 | 1.7695 | 1.5851 | 0.9448 | 0.5933 | -0.1545 | 1.1120 |-0.7463 | 0.1124
S-unR-100-0.6

1.2421 1.2911 | 1.5410 | 1.1803 | 1.5410 | 1.1452 | 1.4807 | -0.0116 | 1.1002 | 1.3555 | 1.2943 | 0.8629 |-0.2411 | 0.5501 | 1.3553 | 0.5501 | 1.3553 | 2.0226 | 1.9380 | 1.5410 | 0.8472 | 1.0743 |-0.3101 | 1.1313 | -0.8976 | 0.1583
S-unR-150-0.6

0.8601 0.7676 | 1.4204 | 0.8201 | 1.4204 | 0.7633 | 1.2531 |-0.0236 | 1.0918 | 0.9368 | 1.3361 | 0.5527 | -0.2002 | 0.5455 | 0.5267 | 0.5459 | 0.9367 | 1.93598 | 1.3018 | 1.4204 | 1.2047 | L1707 |-0.7298 | 1.8202 |-0.6220 | 0.0945
5-R-10-0.2 533.150

1.5852 L7162 | 1.2690 | 1.5306 | 1.2690 | 1.5659 | 1.2345 | 0.0114 | 1.0536 | 1.6637 | 1.0828 | 1.4891 | -0.0429 | 0.5268 | 1.6637 | 0.526%8 | 1.6637 | 1.8392 | 2.2605 | 1.2650 | 0.6524 0 -15.7050f 7.6310 |-1.1263 | 0.3270
SRIS0-03 1.2026 1.2165 | 1.3695 | 1.1538 | 1.3695 | 1.1099 | 1.2015 | -0.0141 | 1.0923 | 1.3060 | 1.2134 | 0.5338 | -0.1606 | 0.5462 | 1.3061 | 0.5462 | 1.3061 | 1.9424 | 1.8123 | 1.2696 | 0.8667 | 1.4236 | -0.8660 | 1.49596 | -0.2716 | 0.1912
5-E-100-0.6

1.0813 1.0373 | 1.5502 | 1.0239 | 1.5502 | 0.5835 | 1.45628 | -0.0152 | 1.1072 | 1.1865 | 1.3136 | 0.7350 |-0.2585 | 0.5536 | 1.1867 | 0.5536 | 1.1867 | 2.0152 | 1.6807 | 1.5502 | 0.9767 | 1.0635 |-0.3383 | 1.2921 | -0.7762 | 0.1473
5-E-150-0.6

03200 0.6937 | 1.5212 | 0.7863 | 1.5212 | 0.7403 | 1.4112 | -0.0172 | 1.1074 | 0.5038 | 1.3819 | 0.5110 | -0.3350 | 0.5537 | 0.3039 | 0.5537 | 0.5035 | 1.9572 | 1.2730 | 1.5212 | 1.2718 | 1.0676 | -0.4703 | 1.7058 | -0.5374 | 0.0827
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Table 40. Kinetic models prediction evaluation (R?, RMSE, and PE).

Two-term tial
Logarithmic model Tow-term model A

Lewis [Mewton] model Modified Page model I 1 model ‘Weibull model Gaussian model Wang and Singh

Sample

Rsq |RMSE | PE Rsqg | RMSE| PE Rsq |RMSE| PE Rsq |RMSE| PE Rsq |RMSE| PE Rsq [RMSE| PE Rsq |[RMSE| PE Rsq |[RMSE| PE Rsq |RMSE| PE Rsq |RMSE| PE Rsq |RMSE| PE

S5-unR-100-0.3 | 0.3632 |0.0654(7.2266]|0.9356| 0.0225|2.2055)0.5356 0.0225|2.2053 | 0.5577 | 0.0163)|1.2370|0.5653 | 0.0557 | 2.2432 | 0.5921 (0.0283|2.4564 | 0.9653 |0.05597 | 2.2454(0.3622 [0.0654| 7.2244| 0.53956|0.0225 | 2. 2056 (0.1613(0.3120 4?'0637 0.9972|0.0180| Midilli

5-unR-150-0.3|0.5312|0.0828 10'303 0.9532|0.02659(3.2574)0.5523| 0.025|2.32363 | 0.5565 (0.0150| 2.4445 10,5455 0.0724 | 5.5740 | 0.5507 (0.03284.1050| 0.5465 |0.0784 | 3.5720| 0.3833 | 0.0432 | 4.6513| 0.5938|0.0265 | 3.2262 | 0.5966| 0.0200 | 2.5850(0.5905 | 0.0331 | £.1413

5-unR-100-0.60.5554|0.0712(5.1%21|0.9577|0.0162|2.2725)0.9977|0.0162|2.2725|0.958210.0142 |1 9667 |0.5667|0.0615| 2.8085 | 0.5855 (0.0245|5. 14741 0.9667 |0.0615 ) 2.2062 (05922 (0.0267|2.28120.5977|0.0162 |2.27250.9937(0.0120|1.6065|0.5920(0.0283 |4.1153

5-unR-150-0.6 | 0.9636|0.0610(7.7729]0.9967 | 0.01821.724310.9967 0.0133|1.7243 |0.958210.0113|1.1720|0.5740]0.0516| 7.2002 | 0.5960 (0.0202 | 2.5265 | 0.9740|0.0516] 7.2565(0.5943 [0.0241 11 9746 | 0.5967 |0.0183 |1.7243(0.9982 0.0136|1.2362|0.9972(0.0169|2.2232

5R-100-0.3 |0.3823|0.0413)|5.6223)0.9350(0.0223(1.9745)0.5350)|0.0223|1.9745|0.9555(0.0202 | 2.1177 |0.5860|0.0272|£.1065 | 0.9885 | 0.0337 | 5.0065 | 0.5860|0.0372|£.1067 | 0.3953 |0.0215| 2.0626( 0.5950(0.0223 | 1.5745|0.7052 | 0.1654 28'0?45 0.3380(0.0244|2.0401

5R-150-0.3 |0.5704)0.0563|7.5659)0.9560(0.0207 | 2.4542)0.5560(0.0207 | 2.4644 | 0.5563| 0.0135)| 2.7617 | 0.52800(0.04E63 | 7.1506 | 0.5537| 00260 4.5201 | 0.5800 0.0463 | 7.1522 1 0.595410.0223) 2.1302 | 0.59:0(0.0207 | 2.4642[0.5956| 0.0217 | 3.7040| 0.5540| 0.0254 | 41455

5-R-100-0.6 |0.55140.0743)5.7763)0.9557(0.0222(2.6161)0.955710.0222 |2 5160|0.5565(0.0189|2.1475(0.5625|0.0540(3.8567 | 0.3891|0.0352 | 4. 5445|0.5625|0.0640 ) 2.8585| 0.5907 (002253 5855| 0.59570.0222 |2 £160(0.5974{0.0172|2.020210.5925)0.0281 |2 .5534

5-R-150-0.6 |0.9533|0.0707|5.3151)0.9975(0.0164(2.1516]0.9975]0.0164]2.151310.5950{0.0105| 1 4661 |0.5667 |0.0557(8.241510.99350.0263| 3.5519]0.56567 | 0.0557 | 8.2425|0.5925(0.0276|3.1525| 0.59750.0164 | 2.19170.5954 0.0081 | 0.932410.9951) 0.02303.3271

H-unR-100-0.3)0.5242| 00265 10';39 0.5562|0.0208)2.5010)0.9962|0.0208|2.5010|0.9577|0.0162|2.1080(0.5512|0.0748|9.9721|0.5852 (0.0252|4.5045|0.9512 |0.0748]% 5211 (0.5820(0.0271)4.2745|0.5962 |0.0208 | 2. S010{0.9921 0.0147 | 1. 26281|0.9850 0.0254 |4.2651

H-unR-150-0.3) 0.9522 (0.0731|5.551710.9363|0.0203|2.3622|0.55630.0203|2.3622 |0.5580(0.0143| 1.5267 |0.3653 | 0.0623 | 2.4534 | 0.5921 |0.0257 | 4.0245|0.3653 [0.0623| 2.4711| 0.5917 |0.0306] 3.1617 | 0.5963 | 0.0203 | 2.2622 | 0.5973| 0.0153 | 1. 7652 |0.3940| 0.0255 | 3.5934

H-unR-100-0.6) 0.3400|0.0736 10';‘” 0.5352|0.0226)|2.4362)0.5952|0.0226(2.4362 | 0.2971|0.0174)|2.2035 |0.5602 | 0.0548| 2.1553 | 0.5932 (0.0269|2.8589 | 0.9602 | 0.0648 | 2.1553 [ 0.3856 (0.0331)3.1577 | 0.2952 | 0.0226 | 2.4361 [ 0.9957 | 0.0188 | 2.5237|0.9913 | 0.0303 | £.2481

H-unR-150-0.6) 0.9552 (00658 [9.8541]0.958%| 0.0108|0.92050.5585(0.01080.9204 | 0.5553|0.0050| 0.8542 | 0.972110.0550) 7.9071 | 0.5926 |0.0282| 4.2482 | 0.5721 {0.0550| 7.9085 | 0.5552 | 0.0698]5.8053 | 0.5929 | 0.0102 | 0.5205]0.5929 0.0111 |1 5831 ]0.9925| 0.0285 |4.4743

H-R-100-0.3 |0.9410]0.0843

10';” 0.9560|0.0219)1.7752)0.9560|0.02191.7749|0.9574|0.0176)| 1. 7985 |0.5571|0.0718| 2.9132|0.5828 (0.0267|5.5686| 0.9571)|0.0718]%.9142(0.5914(0.032112 3712105960 0.0219 1. 7745 0.5965 0.0206 | 2. 2656 | 0.5289 0.0366 | 5. 1460

H-R-150-0.3 |0.9673|0.0538|8.2247(0.5580(0.01441.8270)0.5350|0.01441.8270)0.9584|0.0130) 18772 |0.5732|0.0469| £.8551 |0.59238 | 0.0255 | 4.4864 | 0.5752 |0.0463 | 6.8545 | 0.3972 (0.0173] 1.6515| 0.5980(0.0144 | 1.8263 |0.5976| 0.0158 | 2.452110.9945)| 0.0241 | 36525

H-R-100-0.6 |0.3357|0.0848

11'323 0.3582|0.0143)1.2533)0.5352|0.01431.2596|0.5531|0.0103)| 1 3835 |0.5610]0.0561 | 2.7174|0.5925 (0.0283|4.2015|0.9610|0.0661 | 2.7196(0.5942 [0.0255) 2.2073| 0.5932 |0.0143|1.2596(0.5923| 0.0140 | 1.5476|0.3386 | 0.0257 | 5.6450

H-R-150-0.6 |0.9814|0.0628)5.2018(0.5585(0.0106(0.8283 D.BB&BIU.DIOE 0.825900.59570.0057 | 0.7765 |0.5775|0.0420(£.9134|0.55957|0.0211 3.3105| 0.5775 | 0.0420( £.5143 | 0.5970 | 0.0176 | 1.5001| 0.5925 | 0.0106 0.873310.9992 0.005211.345210.99570.02103.5552
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N S-unR-100-0.3 [ H-unR-100-0.3
B S-unR-150-0.3 I H-unR-150-0.3
= W S-unR-100-0.6 I H-unR-100-0.6| |
I S-unR-150-0.6 M H-unR-150-0.8
20 | N S-R-100-0.3 N H-R-100-0.3
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Figure 169. Model prediction evaluation under different drying conditions.
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