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Abstract

This study investigates and quantifies the effect of an imposed ultrasound field on the
evaporation of water droplets in, for example, humidifiers used in medical respiratory
treatments. The purpose of the ultrasound field is to accelerate the droplet evaporation
process. This would have benefits in terms of improved efficiencies, more compact
equipment sizes and better process controllability. A preliminary investigation was
carried out to identify the most promising mechanisms for the effect of the imposed
ultrasound field on the evaporating droplets —this being the enhancement of the normal
mass and heat transfer processes involved. From this, theoretical models of normal and
ultrasound enhanced droplet evaporation were developed to predict the rates of water
evaporation and also changes to the droplet size distribution during evaporation. An
experimental investigation was carried out to measure water droplet evaporation rates
and changes to the droplet size distribution under normal and ultrasound enhanced
conditions. It was found that the ultrasound field improved droplet evaporation rates
in all cases tested, even at very low power levels. Improvements varied from 1 — 30%.
An increase in the strength of the ultrasound field increased the improvement in
evaporation rate. However, air flow above a certain threshold diminished this
improvement by disrupting the ultrasound field. Investigation of the changes to the
droplet size distribution indicated that at high ultrasound power levels and low air flow
rates a significant amount of droplet coalescence occurred which caused the droplet
distribution for the remaining droplets to shift to much larger droplet sizes. Results from
theoretical models compared well to the experimental results for most experimental
conditions. Differences between model and experiment occurred for the very small
droplet sizes and where the effect of the ultrasound field caused maximum droplet
coalescence and heating of the air and these areas warrant further future investigation.
It was concluded that the ultrasound enhancement of water droplet evaporation does
occur by enhancing the heat and mass transfer processes involved, that improvements
in evaporation rate up to 30% could be achieved and that this could be applied to

medical respiratory equipment to improve its operation and efficiency.
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Chapter 1 - Introduction

1.1 Introduction

This research investigates the effect of an imposed ultrasound field on the evaporation
of water droplets. The purpose of the ultrasound field is to enhance or accelerate the
evaporation process. Evaporation of liquid droplets is of key importance in, for example,
spray humidifiers, spray driers, and liquid fuel combustors. By accelerating or enhancing
the evaporation of the droplets then the time taken for this process could be reduced
and this would have benefits in terms of improved efficiencies, more compact

equipment sizes and better process controllability.

The proposed work involves imposing an ultrasound field on the droplets in the
application so that the normal process of converting the liquid droplets to vapour is
accelerated. It involves using ultrasound to produce micro-droplets (um size-range)
from water and using a second stage of ultrasound to assist in the subsequent
conversion of these micro-droplets into vapour. Specifically, this research will
investigate the effect of various ultrasound processes on the conversion of water from

micro-droplets into vapour, for the purpose of humidifying an air stream.

1.2 Background

Current humidification methods used in many medical devices such as continuous
positive airway pressure (CPAP) devices are based on a traditional convective heat
transfer approach. However the industry desire is to seek an alternative method of
humidification in the hope of achieving a more efficient and compact system.
Humidification is essential in many medical therapy devices such as CPAP. This device is
normally used for the treatment of sleep apnoea. Sleep apnoea is a condition where a
person involuntarily stops breathing while they are asleep [1, 2]. This can occur when
the soft tissues in the airways collapse and prevent the flow of air into and out of the
lungs. The body responds by beginning to wake the person up so that they start
breathing normally again. Usually the person does not fully wake but they do not remain
in a deep sleep during the night so that when they do fully wake in the morning they still
feel tired and are in fact lacking proper sleep. This can lead to health complications for
the patient [2]. During treatment the patient wears a mask and is connected to the CPAP

device via a breathing tube (Figure 1-1). The device consists of an air compressor, a



heater and a humidifier and supplies a flow of warm, moist air to the patient via the

breathing tube and mask [3].

Figure 1-1: CPAP Device (courtesy F&P Healthcare Ltd)

By this means a positive pressure is maintained in the patient’s respiratory tract which
helps prevent the collapse of the airways and allows the patient to sleep normally. It
has been found that warming and humidifying the air improves patient comfort and
compliance [4]. Currently these devices are quite bulky and not particularly energy
efficient. For example, to warm and humidify the air, in some CPAP devices, an
uninsulated container of water is maintained at elevated temperatures and air is passed
over the surface of the water. Heat transfer and moisture flow into the air provides the
warmth and humidity for the air. This is simple and effective but not particularly energy
efficient as heat is lost through the walls of the container to the environment and also
the device is quite bulky. Controlling the air temperature and humidity to the correct
levels can also be difficult, if changes occur in the environment or elsewhere, due to the
thermal inertia of the mass of heated water. To improve the effectiveness of the CPAP
devices it is desired to eliminate the large container of heated water and replace it with

a system that is more compact, more controllable and more energy efficient.

1.2.1 Humidification methods

Most humidification processes involve contacting the unsaturated air with liquid water
in such a way that some of the water evaporates into the air stream thus increasing the
water content or humidity of the air. Energy is also supplied, usually in the form of heat,
since the water is changing phase from a liquid to a gas. Simple methods of
humidification involve passing the air over a bath of warm water or over a wetted

surface. Often the wetted surface is of a porous or textured nature to give an extended
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surface area and thus a greater rate of evaporation. In a medical environment,
humidification of the air can be achieved by simply bubbling air through warm water.

However, these methods tend to be large, bulky and not particularly energy efficient.

Another common method of humidification is to nebulise or atomise the water into
small droplets and pass the air through a fine spray of these droplets. The large contact
area between the small liquid droplets and the air allows for reasonably rapid transfer
of water vapour into the air stream. The generation of the droplets can be achieved by
several means including high pressure nozzles, spinning disks and so on but a more
recently employed method involves the use of ultrasound transducers. These
transducers are small, energy efficient and fast acting and were identified as the
preferred method of droplet generation for this investigation. However, where
nebulisation is used to humidify air in medical respiratory apparatus it is often important
to ensure that all of the droplets have evaporated prior to inspiration by the patient. It
takes a finite amount of time for the droplets to completely evaporate into the air and
depending on the specific setup of the humidifier and the initial droplet size distribution
it may require large chambers or lengths of delivery conduit to allow this to happen. By
accelerating the droplet evaporation process it would be possible to reduce the chamber
size or conduit length. In regard to this, it has been reported that the use of ultrasound
techniques can enhance a number of chemical and physical processes [5, 6]. More
specifically, subjecting large individual liquid droplets [7] and small vegetable pieces [8]
to an ultrasound field has been found to accelerate the evaporation processes in these
cases. Thus, in this current investigation it was proposed to pass the air and droplets
from the nebuliser through an ultrasound field generated by a second ultrasound
transducer in order to enhance or accelerate the conversion of these water droplets into

vapour.

Physically, it is proposed that the air is flowing in a conduit, typically a breathing tube as
used in medical respiratory apparatus. A nebuliser generates micro-droplets of water
and these are combined with the air in the conduit. The air and water droplet mixture
are then subject to an ultrasound field in order to accelerate the evaporation process.
Such a system, that is nebulisation followed by evaporation enhancement, would be
more compact in size and would eliminate the carryover of droplets to the patient. It

also has the potential of being more energy efficient by eliminating the large mass of



heated water typically found in these devices. Furthermore, being fast acting, the

system would enable more accurate control of the humidification process.

A system just like this, apparently, has not been proposed or studied before and with

the benefits described give justification for the current investigation.

1.2.2 Other areas of application

A system like that described in the last section (1.2.1) could also have applications in
other areas such as pulmonary drug delivery where medication is dissolved in water and
nebulised into small droplets, combined with air and inhaled by the patient. The delivery
of the medication to the ideal location in the respiratory system of the patient is
dependent on droplet size [9], thus in this case it is not desired to evaporate all of the
water droplets. However some evaporation will take place before the air becomes
saturated and the droplet size distribution reaches an equilibrium state. The application
of an ultrasound field to the mixture of air and droplets would enable the medicated
droplet distribution to reach this equilibrium state more quickly and thus enable more
compact and effective devices to be designed. Since droplet size is of critical importance
in this application it would be important to be able to predict the droplet size

distribution once it had reached equilibrium.

Also, changes to the droplet size distribution could be used to determine the progress

of evaporation in other devices, such as humidifiers.

In liquid fuel combustion devices the liquid fuel is nebulised and the droplets must
evaporate prior to combustion. The ultrasound field would enhance and accelerate the
full evaporation of the liquid fuel prior to combustion taking place. This may well have

implications for fuel efficiencies and improved performance.

In spray drying, liquids with dissolved solids are sprayed as small droplets into large
chambers through which heated air is flowing. As the liquid droplets settle in the
chamber the liquid portion evaporates so that at the base of the chamber only dry, solid
particles remain. These chambers are typically of large proportions (depending on
throughput) so acceleration of the drying process may have significant benefits in terms

of reducing equipment sizes and costs.



1.3 Investigation

Liquid droplet evaporation and more specifically, water droplet evaporation has been
studied in a range of scenarios. Also, although some studies have also been carried out
on the effect of acoustic sound fields on evaporation it has usually involved individual,
large (mm size range) water droplets or sprays of small liquid droplets other than water
(e.g., liquid fuels). However the use of an imposed ultrasound field to enhance the
evaporation of many small water droplets (such as that produced by an ultrasonic

nebuliser) into air flowing in a conduit is relatively new.

This research focusses on using ultrasound in two stages to generate relatively small
liquid droplets which evaporate and produce humidified air. Theoretical modelling as
well as experimental work are to be undertaken to investigate the effect of an
ultrasound field on droplet evaporation. The models would allow the determination of
droplet lifetimes, characterisation of droplet size distributions as the droplets evaporate
and determination of the effect of the evaporated liquid on the surrounding
environment or carrier gas. Itis intended that the models be used to quantify the energy
requirements and operating parameters for use in the design of a new type of
humidification apparatus and pulmonary drug delivery apparatus. It would also have
possible application to other processes including liquid fuel combustion devices, spray

driers and larger scale humidifiers.

1.4 Research objectives

Although the main objectives of this research will be detailed at the end of Chapter 2,

this section gives an overview of the aims of the proposed investigation:

1. Preliminary investigation — investigate normal evaporation processes and then the
proposed mechanisms for the enhancement of the water droplet evaporation using
an ultrasound field. How is it going to work? Which mechanisms are more likely to

occur or be most effective?

2. Quantify the evaporation process of the ultrasound generated droplets.
Theoretical and experimental investigations will be used to achieve this objective.

3. Quantify the effect of a second stage ultrasound in enhancing the evaporation
process. Theoretical and experimental investigations will be also used to achieve

this objective.



Chapter 2 - Literature Review

2.1 Introduction

This study investigates the use of ultrasound techniques on water droplet generation
and evaporation. The goal being to enhance or accelerate the evaporation of the water
droplets and to predict changes in the droplet size distribution during the evaporation
process. This has application to respiratory, humidification and pulmonary drug delivery

devices in terms of efficiency, process controllability and equipment size.

In this chapter the background and prior research to this current study are detailed. It
includes an explanation of water droplet generation, droplet evaporation and it details
the mechanisms to be investigated for evaporation enhancement when the ultrasound
field is imposed on the droplet and air mixture. Finally a summary of the detailed aims

of the study are provided.

2.2 Water droplet generation (nebulisation) using ultrasonic
transducers

The focus of this investigation is the use of ultrasound techniques in droplet generation
and to accelerate the evaporation of these water droplets. Thus a thorough
understanding of the mechanism of this nebulisation process could well provide insights
into the subsequent enhancement of the evaporation of these droplets using an
imposed ultrasound field. It also allows for the selection of the most suitable ultrasonic

nebulisation technique for our study.

Nebulisation of a liquid (often referred to as atomisation in the literature) using
ultrasonic techniques involves subjecting the liquid to mechanical vibrations at
frequencies in the ultrasound range. The effect of the vibrations is to cause the water
to break up into very small droplets. The mechanism for this break up depends on the
technique used. The common techniques used in ultrasonic nebulisation involve the use
of either flat plate or vibrating surface transducers [10-12] or transducers associated
with micro-perforated plates [13-17]. Other, not so common techniques involve the use
of ultrasound modulated two-fluid atomisation (UMTFA) devices [18], surface acoustic
wave (SAW) devices [19], devices utilising the vibration of liquid in a small gap [20] and

so on. These other, not so common techniques were not considered.



2.2.1 Flat plate transducers
Flat plate ultrasonic nebulisers exist in a range of geometries and be operated in

different ways:

e The transducer consists of a flat circular plate (vibrating surface) submerged in a
pool of liquid and during excitation a continuous fountain or column of liquid is
ejected from the liquid surface [11, 21, 22]. Droplets are generated from the surface

of the fountain into the surrounding air.

e In a similar arrangement the transducer consists of a flat circular plate (vibrating
surface) open to the air. Small amounts of liquid are continuously dripped onto the

plate where they disintegrate into many small droplets [23].

e The transducer is attached to one end of a shaft causing the shaft to vibrate in the
axial direction [24, 25]. A capillary channel along the central axis of the shaft delivers
liquid to the other end of the shaft (vibrating surface). Droplets are ejected directly

from the vibrating end of the shaft.

In each of these cases very small liquid droplets are ejected from the surface of the liquid
(that is, at the air-liquid interface). This phenomenon, along with other related
ultrasonic phenomena was first reported in 1927 by Wood and Loomis [10]. Following
their study, a number of researchers investigated the phenomenon in more detail in an
effort to discover the mechanism of nebulisation. Some suggested that the mechanism
by which the droplets were formed was due to the breakup of capillary waves on the
liquid surface while others suggested that cavitation effects were the principle
mechanism causing nebulisation. Later researchers [26-28] proposed that a combination

of the two mechanisms, the so-called ‘conjunction-theory’, was most likely.

Capillary waves occur at and travel along the phase boundary or interface of two fluids
where the form and propagation of the wave is mainly due to surface tension effects
(rather than gravity effects). For example with water and air, small ripples forming on
the surface of water as the result of a light breeze over the water are capillary waves.
The action of ultrasound radiation on a liquid causes capillary waves to form at the
liquid-air interface. If the intensity of the ultrasound is high enough, then the wave peaks
disintegrate or break off and form small droplets. The capillary wave mechanism

became firmly established after Lang’s investigations in 1962 [21]. He investigated the



application of ultrasound to both thin films of liquid and to a deep pool of liquid and
proposed that the median droplet size produced was proportional to the capillary
wavelength on the liquid surface. He presented an equation in terms of fluid properties,
driving frequency and an experimentally determined factor (0.34) which is still in use
today:

8o\ '/

D =0.34 <W) (2-1)

Where D = median droplet diameter, ¢ = surface tension, p = density and f =frequency

of excitation.

Subsequent photographic studies [12, 29], experimental and theoretical studies [11, 12,
23-25, 28-30] confirm that capillary wave breakup is certainly a factor in the formation
of droplets in ultrasonic nebulisation. Most of these researchers attribute the breakup
of the capillary waves to some form of temporal instability of the wave such as Rayleigh-

Taylor instabilities or Faraday instabilities.

Cavitation in a liquid is the formation and subsequent rapid collapse of a vapour bubble
in a region of the liquid where the liquid pressure varies below and above the vapour
pressure of the liquid. In this case the gas in the bubble is the vaporised liquid. The
expansion and rapid collapse of gas bubbles in a liquid that is subject to pressure
variations can also be due to the presence of dissolved gases or other microscopic gas
bubbles in the liquid. In the case of ultrasonic nebulisation the applied acoustic field
generates oscillations in the liquid which in turn cause pressure variations. If these
oscillations are of a high enough intensity, the pressure at specific points in the liquid
can vary above and below the vapour pressure of the liquid thus causing cavitation.
Although the presence of cavitation processes during ultrasonic nebulisation has been
established [23, 26, 28, 31], the exact role of cavitation in the formation of droplets is
not well understood. Studies suggest that the hydraulic shock of the imploding bubbles
initiates breakup of the liquid film and/or stimulates the formation of capillary waves
[28, 30]. It has been noted that some ultrasonic nebulisation devices produce a wide
range of droplet sizes and researchers have proposed that cavitation is the main reason
for this [25, 30, 32]. Cavitation effects may dominate when the driving frequencies are
higher (MHz range) and when large amplitudes of vibration are used [28, 33]. The way

the liquid is supplied or attached to the transducer surface (thin film, pool of liquid or



drop by drop) can also affect the relative contributions of the cavitation and capillary

wave break-up mechanisms.

These two mechanisms, droplet generation from capillary waves and cavitation, may
also have significance in the application of the ultrasound field to enhance the
subsequent conversion of the droplets into vapour and is considered in section 2.4 and

also in the mechanisms considered for further droplet breakup in Chapter 3.

Furthermore the power consumption of ultrasonic nebulisation can be reduced, for a
given nebulisation rate, by using pulsed rather than continuous excitation [34]. This is

of interest to this investigation in terms of minimising energy requirements.

In the case of the submerged flat plate transducers, the droplets are typically generated
into a chamber and a flow of air through the chamber contacts with the droplets and is
humidified. Droplets tend to be carried over into the outlet stream and it is difficult to
accurately determine the initial droplet size distribution generated in such a device. This
initial droplet size distribution would be required for input to a theoretical model and
for comparison purposes in this investigation. Thus this style of droplet generation was
deemed unsuitable for our study. The vibrating shaft transducer would lend itself to
miniaturisation and measurement of the generated droplet distribution however these

devices were not commonly available.

2.2.2 Perforated Plate Transducers

Perforated plate nebulisers were developed from the principles used in ink-jet printing
technology [35]. The nebuliser in this case usually consists of a small chamber filled with
liquid where one wall of the chamber is comprised of a perforated plate. There are a
number of perforations (100’s — 1000’s) in the plate which are usually circular and of
very small diameter (um — size). In one arrangement an ultrasonic transducer causes
the wall opposite the perforated plate to vibrate at ultrasonic frequencies [36] and in
another arrangement the ultrasonic transducer causes the perforated plate itself to
vibrate [15]. In both cases, since the liquid in the chamber is virtually incompressible,
the effect of the vibrations is to extrude or force the liquid through the perforations
whereby they break up into small droplets on ejection. One other arrangement
dispenses with the chamber and consists of the perforated plate supported in a
cantilever arrangement [14, 37]. A transducer at the supported end of the plate causes
the plate to vibrate at ultrasonic frequencies. Water (or other liquid) is fed onto the
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vibrating plate and is extruded through the small holes thus generating a fine mist of

small droplets.

The water extrusion process and the formation of the droplets after extrusion in these
nebulisers are well studied [13, 35, 38] and a number of commercial medical devices are
available [15]. These devices are compact, energy efficient and often used in medical
respiratory equipment. As such they can be easily incorporated into situations similar
to that being studied in this work. The method of generating droplets also lends itself to
the accurate measurement of droplet sizes at the location they are being generated,
which is a requirement for this investigation. Such a device was chosen as the means of

droplet generation for our study and is detailed in Chapter 5.

2.3 Water droplet evaporation

The normal evaporation process of a water droplet into air is well understood and has
been thoroughly studied [39-61]. As stated earlier one of the main applications of this
research is biomedical lung supportive devices where humidity is essential for patients
comfort. For such an application the water droplets and air are considered to be well
mixed and flowing along a conduit. The conduit, for example being a breathing tube
used in typical medical respiratory apparatus [62]. For this application it is assumed that
initially the air and droplets are at the same temperature and since the droplets are very
small it is assumed that they are stationary relative to the air and to each other. It is
also assumed that the air surrounding the droplets is not saturated, thus allowing
evaporation to take place. A water vapour concentration difference will exist between
the air immediately adjacent to the surface of the droplets (which is usually assumed to
be saturated) and the bulk air some distance away from the droplet surfaces. This
concentration difference will cause diffusion of the water vapour away from the droplet
surfaces to the bulk air. Liquid water at the droplet surfaces then evaporates to replace
the vapour diffusing away from the surfaces (and maintain saturation conditions for the
air at the droplet surface). The energy required to vaporise the liquid water initially
comes from the internal energy of the droplets and so the droplet temperatures drop.
Since a temperature difference now exists between the bulk air and the droplets, heat
transfer by conduction occurs from the surrounding air to the droplets and in turn the

air temperature also drops. This process continues until either the droplets completely
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evaporate or equilibrium conditions are reached where the bulk air surrounding the

droplets is saturated and at the same temperature as the remaining droplets.

If there is relative movement between the air and droplets then it may be necessary to
consider conservation of momentum and the convection effects on the diffusion and

heat transfer processes.

There is a large body of research in the area of droplet evaporation. The focus of our
investigation is, regarding the droplets, on determining the amount of water evaporated
from the droplets and changes to the droplet size distribution over time. Regarding the
air surrounding the droplets the focus is on temperature and humidity changes. The
outcome of the literature review for this section of the work is firstly to discover current
understanding of the normal evaporation process and to give guidance in the
development of suitable analytical modelling techniques for that process. Secondly, to
discover currently recognised techniques for measuring the key parameters in this

investigation, namely, droplet sizes and air temperature and humidity.

2.3.1 Single/Multiple Droplets

A significant amount of research has been carried out that involves the study of single
droplets evaporating in a variety of scenarios, for example [51, 56, 63, 64]. In these
cases it is usually assumed, since the droplet mass is relatively small, that the properties
of the surrounding medium (usually air) do not change appreciably during the
evaporation process. Thus the energy balance for the surrounding medium is ignored.
Other studies involving multiple droplets and aerosols, for example [54, 65, 66], do allow
for mass and energy changes in the surrounding medium. They allow for the coupling
between the mass and energy balances for the droplets and the mass and energy
balances for the medium surrounding the droplets. In our study where the many
droplets are evaporating into air it is important that the coupling between mass and

energy balances for the droplets and surrounding air is included in the model.

Some research focusses on the changes to the droplet size distribution between
generation and after some time has passed [41, 67]. This has been identified as being
of importance in, for example, aerosol drug delivery devices. Some of this research is
experimental in nature and some analytical. Different methods of measuring droplet
sizes have been investigated by various researchers [68-70] and the use of laser
diffraction techniques is common in later research [67, 71].
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2.3.2 Boundary Conditions

Since the proposed model will be used to primarily investigate medical breathing / drug
delivery devices it is expected that the air and water droplets will be flowing along a
suitable conduit, such as a tube. In reality the boundary conditions for the walls of the
tube containing the evaporating water droplets and air are somewhere between
adiabatic and isothermal conditions. Some studies assume isothermal conditions for the
surrounding air [59, 72], especially if the water to air mass ratio is very small while others
assume ‘non-isothermal’ conditions [45]. Adiabatic conditions are modelled for a

limited number of cases in some research [73].

2.3.3 Fluid Properties

In any analysis, it must be decided how to handle the transport and thermodynamic
properties of the fluids involved since temperatures and conditions can change during
the process. Some studies [49, 59] assume that these properties remain constant for
the duration of the evaporation process while others [72] appear to use variable values
of these properties as the temperatures and humidities vary during the process. If
constant properties are used then these properties must be evaluated at some suitable
average temperature since the temperature of the air and the droplets will change
during the evaporation process, depending on model assumptions and boundary
conditions. Miller et al. [49] discuss in detail the importance of selecting an appropriate
average temperature when determining fluid properties in a constant properties
evaporation model if the accuracy of the solution is to be maintained. Often an iterative
approach must be used to identify these suitable average values and this can be time

consuming and subject to error.

Many studies do not clearly explain how they handle the determination of fluid
properties or they may mention how one or two important properties are calculated.
For example Dushin et al. [56] mention using the Clausius-Clapeyron equation to
determine equilibrium vapour pressures and Xu et al. [74] mention using the Hyland and

Wexler model for determining the thermodynamic properties of humid air.

For this investigation, to maintain accuracy, it was decided to determine all necessary
fluid properties as temperatures and conditions changed during the evaporation

process.
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In regards to measuring fluid properties, measurement of air and water temperatures
can be commonly achieved using RTD devices or thermocouples. A number of
techniques are available to measure the humidity of air [75, 76] and it is commonly
accepted that accurate measurement of the humidity near saturation is difficult. It is
reported [77] that CMOS based sensors for measuring air humidity give reasonable
accuracy near saturation and also include on chip calibration for added accuracy. A

CMOS based sensor was used in this investigation and is described in detail in Chapter 5.

2.3.4 Droplet Size

For larger droplets (mm-size range) their mass is such that in a gaseous medium inertia
will cause them to move relative to the gas and so the heat and mass transfer processes
will be convective in nature [78, 79]. For very small droplets (um-size range) the droplets
remain entrained in the gas and there is little or no relative motion between droplet and
gas. In this case the heat transfer is conductive in nature and the mass transfer is by

normal (Fickian) diffusion [78].

Additionally for very small droplets the curvature of the droplet surface has an
appreciable effect on the equilibrium water vapour pressure above the curved surface.
This elevation in vapour pressure is known as the Kelvin effect [41]. Since this
investigation considers the evaporation of micro-droplets the Kelvin effect will be

considered in the theoretical formulation (see Chapter 4).

If a droplet completely evaporates then during the final stages of its ‘life’ it will become
extremely small such that it approaches the size range of the gas molecules surrounding
the droplet (air and water vapour) and the assumptions behind Fick’s Law diffusion no
longer apply. This non-continuum effect on water diffusion (and also on conduction heat
transfer) as the droplets become very small can be compensated for by using correction
factors [43, 48, 80]. These correction factors are based on the Knudsen number, Kn
(where Kn = 24/d4, and where A is the mean free path of the gas molecules
surrounding the droplet and dg is the droplet diameter). The correction factors are also
dependant on the mass and heat transfer accommodation coefficients, a,, and a;, [51].

They are described in detail in the theoretical formulation in Chapter 4.
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2.3.5 Areas of Application

Research on evaporation of fuel droplets in combustion studies [53, 81, 82] often
includes complicating factors such as the multicomponent nature of the fuel and the
very high efflux rates of vapour issuing from the droplets. For the latter factor it is
necessary to allow for Stefan flow in any analysis being undertaken. These factors can

usually be ignored for water evaporation.

Research in the area of aerosol based drug delivery [9, 67, 83] focusses on maintaining
the droplet size distribution as droplet size is an important factor in determining the
location of deposition in the respiratory tract. Since the passages in the respiratory tract
and lungs can be convoluted many evaporation models include loss of droplets as a

result of wall deposition.

Spray drying research tends to focus on the evaporation processes occurring as a result
of the free fall of the droplets through a heated gas stream and the resulting vapour
flows inside the spray drying chamber [84-86]. Much of the later research uses CFD
techniques [86].

2.3.6 Methods of Solution

Various systems of equations and methods of solution have been used to determine
changes in droplet size, changes in air humidity and other parameters during the
evaporation process. The more complex solutions involve the application of the Navier-
Stokes equations (continuity, momentum and energy conservation) to the evaporation
process using a variety of analytical and finite element solution techniques [7, 46, 87,
88]. The less complex solutions involve simplified equation schemes (continuity and
energy balances) using empirical equations to describe the heat and mass transfer

processes [66, 79, 89].

Plug flow techniques are commonly used to analyse chemical and physical processes
occurring in certain types of flow reactors [90]. In a limited number of cases [55, 73] it
has been used to analyse the evaporation of droplets in flow along a conduit. This
analysis technique lends itself particularly to the physical situation being studied in this

work.

Non-equilibrium considerations are included by some researchers [56, 58]. It is not

always clear what the ‘non-equilibrium’ is referring to but in many cases [49] it is
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referring to the non-continuum effects when the droplet sizes become very small as

discussed above in Section 2.3.4.

In this investigation a theoretical formulation of the normal evaporation process for
water droplets into air flowing along a conduit was needed that could be modified to
incorporate the effects of an imposed ultrasound field. The method of approach taken
in this investigation was to use a more simplified formulation, ignoring momentum
effects, but including effects relating to micro-droplets discussed above. The

formulation is described in detail in Chapter 4.

2.4 Ultrasound enhancement of droplet evaporation

Acoustic and ultrasound techniques have been used to enhance various physical and
chemical processes [5, 91, 92] and the mechanism of this enhancement varies from
process to process. It is proposed in this investigation to pass a water droplet and air
flow through an ultrasound field for the purpose of enhancing or accelerating the water
droplet evaporation process. A number of possible mechanisms for this evaporation

enhancement have been identified.

Firstly, simplified droplet evaporation theory predicts that single droplets will evaporate
according to the so called D? law [50, 51]. That is, the time for a single droplet to
evaporate is proportional to the square of its diameter. In reality the evaporation
process will be subject to complicating factors (for example, changes in the surrounding
air conditions, Kelvin effect, non-continuum effects and so on) but it is still expected that
the smaller droplets will evaporate and reduce in size more quickly than the larger
droplets under the same conditions. Also, for a given volume of water converted into
droplets the surface to volume ratio for smaller droplets is much greater than for larger
droplets. The larger surface area allows for greater rates of heat and mass transfer in
the evaporation processes. So, the normal evaporation process would be accelerated if
the droplets were broken down into even smaller droplets. From the literature
(references given in the following sections), three possible mechanisms were suggested

for this disintegration process:

1. Excitethe dropletsin air at their resonant frequency and at large enough amplitudes

to cause self-disintegration.
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2. Squeeze the droplets in air: apply enough sound pressure to squeeze, flatten and

ultimately disintegrate the droplets.

3. Impinge the droplets on a solid surface, either stationary or vibrating at an

ultrasonic frequency, to disintegrate the droplets into even smaller droplets.

Secondly, rather than physically disintegrating the droplets, the ultrasound field could
enhance the normal heat and mass transfer processes that occur during evaporation.
This would occur by causing greater relative movement between the air and water
droplets thus promoting convection mass and heat transfer processes. This would

accelerate the evaporation processes.

Prior research for these mechanisms is considered in detail in the following sections

2.4.1 Resonant excitation and disintegration in air

It has been reported [93, 94] that a single droplet of water, acoustically levitated in air,
can be made to oscillate (i.e. shape oscillations) and eventually self-disintegrate. The
droplet was held suspended in air by means of an ultrasound levitator and the levitation
signal was modulated with an acoustic signal close to one of the resonant frequencies
of the droplet. The droplet was observed to oscillate and with a strong enough

modulation signal it could be made to self-disintegrate into many smaller droplets.

Determining the modes of vibration and associated frequencies for a free liquid droplet
has been the subject of a number of investigations. In 1879 Rayleigh [95] was the first
to investigate this, both experimentally and theoretically. From a theoretical perspective
he developed an equation for the frequency of small amplitude vibrations of a free,

spherical inviscid liquid droplet

(2-2)

(L= 1D+ 2)a\"?
w = R
Where w = frequency of vibration, [ = mode number = 2, 3, 4, ..., g = surface tension,

p = density, R = droplet radius.

Subsequently, other researchers have also studied the problem from an experimental
and a theoretical perspective. From an analytical perspective a range of different
numerical and computational methods for analysing oscillations of liquid drops have

been developed. These include the Marker and Cell method [96], the boundary integral
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method [97] and Galerkin’s method [98, 99]. Each of these have their particular
strengths and weaknesses but all give reasonable agreement between theory and

experimental results.

Various studies in this area [97-102] have identified the following key points, which will
influence the proposed disintegration process: aperiodic behaviour of the oscillations,
resonant mode coupling phenomena (one mode of oscillation excites the droplet at
another mode of oscillation), asymmetry of the oscillation amplitude, dependence of
the oscillation frequency on the amplitude of oscillation and other non-linear oscillation
effects. These effects have been thought to be caused by the influence of liquid
viscosity, effects of the fluid surrounding the droplet and effect of fluid circulation within
the droplet and as expected, on the amplitude of oscillation (i.e., large amplitude
oscillations increase non-linear effects) [100]. Of particular interest are studies relating
to large amplitude oscillation behaviour. In this case the large amplitude oscillations can

lead to droplet breakup [97-100].

Some studies have considered the effects of viscosity, which influences the frequency
and damping of the oscillations [101]. They also found that viscosity has less effect as
the droplet gets smaller. Other studies have considered the effect of internal

recirculation of fluid inside the droplet during oscillation [102].

Some theoretical studies have considered non-linear effects on the oscillating droplets
[98, 99, 102]. Other studies have covered the range of small to medium and large
oscillations, the latter leading to droplet breakup [98, 102]. These studies were

confirmed experimentally [100, 103].

A common observation amongst these works is that as the amplitude of oscillation of
the liquid droplet increases, the resonant frequency decreases and as the droplet size
reduces, the effects of viscosity and internal circulation change (become less important).
Another finding is that a pressure impulse may be more effective in causing droplet

breakup than a steady irradiation of ultrasound.

All the studies mentioned have investigated individual, large (mm-size droplets) as these
were more relevant to their investigation and of course easier to observe. In the current
work it was necessary to investigate if an imposed ultrasound field could be used for the
resonant break up of many, much smaller sized (~ 5 um) micro-droplets. This is detailed
in Chapter 3.
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2.4.2 Acoustic squeezing and disintegration

It has also been reported in the literature [104, 105] that a single droplet of water, in a
similar situation to that described in the previous section, can be acoustically squeezed
to the point where it flattens out and eventually self-disintegrates. The ultrasound
levitator produces an ultrasound standing wave which generates an upward
(‘levitation’) force on the droplet if it is placed close to one of the pressure nodes of the
standing wave. In the right conditions the levitation force balances the weight force of
the droplet and it is held stationary, in air, in the device. The squeezing of the droplet is
governed by the combined actions of the droplet surface tension, the acoustic pressure
acting on the top and bottom of the droplet and suction stresses acting at the horizontal
circumference of the droplet [104]. The latter suction stresses are caused by the
Bernoulli effect of acoustic streaming flows around the droplet. It was found that
disintegration involves the edge of the droplet being drawn out into a sheet which thins,
vibrates and ultimately shatters — this process taking less than 0.5 ms [104]. It was also
found that the onset of disintegration is determined by the critical acoustic Bond
number, B, . (ratio of acoustic force to surface tension force),

AR,

vl (2-3)

Ba,cr =

where A = acoustic amplitude; R, = spherical radius of the droplet; o = surface tension

of the droplet liquid; p = density of air and; ¢ = sound speed in air [104].

This disintegration process can also be initiated on a stable, flattened droplet, in the

levitator, by the application of an appropriate modulation frequency [94].

In the reported cases a single droplet was studied and the droplet was of relatively large
(¥ 1 mm size range) size. In the current work it was necessary to investigate if an
imposed ultrasound field could be used for the acoustic squeezing and subsequent
breakup of many, much smaller sized (~ 5 um) micro-droplets. This is detailed in

Chapter 3.

2.4.3 Solid surface excitation

In regard to the resonant excitation and disintegration of the droplets (as detailed in
section 2.4.1) different means of improving the transfer of vibrations from the

transducer to the droplet were considered. This could be achieved by bringing the
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droplets into contact with a solid surface vibrating at ultrasonic frequencies. In fact this
is one mechanism by which droplets can be generated using ultrasonic vibrations (see
section 2.2.1). Exposure of these droplets to a second stage of ultrasound vibration from

a solid surface may cause even smaller droplets to be generated.

A large body of work exists on the interaction that occurs when droplets come into
contact with a solid surface [106-108] where a range of possible interactions can occur.
These include attachment of the droplet to the surface, spreading out of the droplet
over the surface, partial breakup of the droplet with partial attachment, bouncing of the
droplet off the surface into several fragments (with possible partial attachment),
disintegration of the droplet with some fragments remaining on the surface and some
being ejected from the surface (bounce) and so on [107-109]. The interaction that
occurs in a specific case depends on a range of factors and these include the droplet
parameters: diameter, temperature, viscosity, density, surface tension and droplet
impact velocity and impact angle. They also include the surface properties: surface
roughness, surface temperature, surface hydrophobicity, surface compliance (elasticity)
and so on. These parameters are usually combined into relevant dimensionless groups
such as the Weber number, Reynolds number and the Ohnesorge number. Attempts
have been made to correlate these numbers with the various interactions but in fact
little correlation has been found [108]. However it is clear that under some
circumstances the impact of a droplet alone on a solid surface can cause the droplet to
break up into smaller pieces and be ejected from the surface. Also, if the surface is
vibrating at ultrasonic frequencies this could well assist the further disintegration of the
droplets. This needed to be investigated for the current work and is addressed in

Chapter 3.

2.4.4 Enhance normal heat and mass transfer processes

It has been reported that the application of an acoustic field to a suspended droplet can
enhance and accelerate the evaporation of that droplet. Early analytical and
experimental research using an acoustic field in the audible range (< 20 kHz) indicated
that the diffusion kinetics involved in evaporation can be intensified by the effect of
these acoustic oscillations [110]. Increases of up to 90% in the Nusselt number were
observed when large amplitude (relative to droplet size) acoustic waves were applied to

large droplets evaporating in a gas flow [111]. In that study, a single large droplet (0.8
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— 2 mm) was mechanically suspended in the gas flow in a low frequency (80 to 700 Hz)

acoustic field applied transverse to the gas flow

For smaller droplets, where the evaporation process is dominated by conduction
mechanisms (rather than convection) research has considered the relative motion
between the oscillating gas particles and the small fluid droplet when subject to acoustic
radiation. Provided the particles are dense relative to the gas, from Stokes law it can be
shown that the ratio of droplet velocity amplitude to gas particle velocity amplitude is

given [112] by

Uso 1
e — (2-4)
UO V14 (O)Td)z
Where
DZ
— 2-5
ta 18vé (2-5)

And where Uy = droplet velocity amplitude, U, = gas particle velocity amplitude, w =
acoustic frequency, 74 = dynamic relaxation time (of the droplet), D= droplet diameter,

v = kinematic viscosity of the gas, § = ratio of gas to droplet density.

If the evaporating droplets were irradiated with an acoustic field of large enough
amplitude and with a frequency that ensured maximum relative motion between the
gas particles and the droplets (i.e., Uyo /Uy = 0) then it was found that the evaporation
rate increased significantly [82, 113-115]. These studies covered droplets in the size
range of around 20 um to 200 um and used acoustic fields of low frequency (75 — 600

Hz).

For cases where the amplitude of ultrasound field is large relative to droplet size (small
Strouhal number) then oscillating flow can be considered to be quasi-steady and normal
steady flow correlations for the convection heat and mass transfer coefficients can be

used [111, 115].

In a related area, power ultrasound was used to enhance the drying of small vegetable
pieces. The aim of that work was to determine the effect of the ultrasound field on water
evaporation from the vegetable pieces [116-120]. The methodology in each of these
studies is similar and involves suspending a basket containing a number of pieces of the
specific vegetable inside a cylinder. Warm, dry air flows through the cylinder and over

the vegetable pieces causing water to evaporate from them. A transducer attached to
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the cylinder is used to generate an intense ultrasound field within the cylinder, the
purpose of which is to accelerate the water evaporation rate from the vegetable pieces.
The frequency of this ultrasound field is set at 21.8 kHz and the intensity of the field
inside the cylinder can be adjusted between 0 and 37 kW/m3. A weigh scale attached
to the basket records the loss of weight of the vegetable pieces due to water
evaporation over time. The apparatus was thus used to determine the improvement in
water evaporation from the vegetable pieces as a result of the ultrasound field.
Improvements in evaporation were found to range from 10% to >100% depending on

ultrasound power level, air velocity and vegetable type.

The effect of the ultrasound field on water evaporation from the vegetable pieces was
found to be in two areas [117]. Firstly the ultrasound field affects the diffusion of water
from inside the solid vegetable pieces to the surface of the solid. The physical structure
of the vegetable is alternately stretched and compressed by the ultrasound field (the so
called ‘sponge effect’) which assists water transport to the surface of the vegetable
piece. Secondly the ultrasound field affects the transport of water vapour from the solid
surface to the air through proposed mechanisms of pressure variations, reduced
boundary layer thickness, oscillating air velocities and micro-streaming [117]. It is this
second effect that is applicable to the process of evaporation being investigated in the

current study.

It was also noted by researchers that when a (larger) spherical particle was suspended
in an ultrasonic levitator localised gas flow was generated around the suspended
particle. This so called acoustic streaming flow occurs as a result of non-linear
interactions between the oscillating gas and the particle. It usually occurs when the
Strouhal number (ratio of the droplet diameter to the air particle amplitude in the sound
field) is small i.e., large droplet and small air particle amplitude. This flow is partially
recirculating, axisymmetric and in the case of a liquid droplet, can increase the
convection heat transfer and mass transfer processes for the droplet [7, 111, 121-125].
Physically, the Stokes layer is believed to play an important role in the generation of
these streaming flow patterns. Figure 2-1 shows typical streaming flow patterns for

three different cases. (In the diagram S is the Strouhal number).
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Figure 2-1: Flow patterns of steady streaming around a sphere [111]

In the case of evaporation of water droplets, significant increases in evaporation rate
have been predicted and observed when the evaporating droplets are subjected to an
acoustic field in an acoustic levitator. Most of these studies involved larger droplets.
One study considered multi-droplet levitation and evaporation and it was found that the

evaporation rate decreased as droplet spacing decreased [122].

When modelling the effects of the acoustic field on the evaporation processes some
have attempted more analytical approaches [7, 110] while others have used approaches

including empirical correlations [111, 115].

It is proposed in this research to investigate the possible enhancement of the
evaporation of micro-droplets dispersed in air when irradiated with ultrasound at an
appropriate frequency. It is noted in this case there is no problem with the impedance
mismatch between air and water as the acoustic energy is being used to maintain air
movement across the surface of the droplets rather than attempting to vibrate the

droplets themselves.

2.5 Measurement of enhancement in evaporation

To experimentally investigate the enhancement in evaporation of the water droplets
into air as they flow along a conduit and are subject to an ultrasound field this
enhancement needs to be measured in some way. This could be achieved by measuring
changes in the flow of the water droplets or by measuring changes to the humidity of
the air however it may also be possible to determine the enhancement in water droplet
evaporation by observing the changes to the droplet size distribution. In any case,

measuring the droplet size distribution at the inlet and outlet of the conduit will give
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some insight into the evaporation processes, for different sized droplets in the
distribution and any enhancement that the application of ultrasound causes. Thus in

this investigation it was decided to measure changes the droplet size distribution.

It should be noted that in the case of droplet evaporation, when comparing model
results to experimental results, researchers [55, 59] tend to determine only one type of
size distribution parameter (e.g.. the mass median aerodynamic diameter, MMAD or
Dv50) for comparison purposes. However in this investigation it was decided to
determine a range of size distribution parameters so that further insight into the

enhancement process for different droplet sizes could be determined.

2.6 Measurement and characterisation of droplet size
distributions

In this section the accepted methods of determining the size distribution of an aerosol
(small particles entrained in a gas) are discussed and the typical measures used to

characterise such distributions are also detailed.

2.6.1 Droplet size distribution measuring techniques

In the case of aerosols, where the droplet sizes are in the micron range, as is the case in
the current study, the measurement of the droplet size distribution presents a number
of difficulties [126]. This is due to the small droplet sizes, their high number
concentration and the fact that the droplets are moving with the aerosol. A range of
methods have been used in the study of aerosols and include photographic techniques
[69] impact/capturing techniques [127, 128] and optical techniques [71]. A summary of
the range of techniques available is given by Black et al. [70]. A common method of
determining the droplet size distribution, used in current research, is the use of a laser
diffraction technique. In the laser diffraction technique particles are passed through a
laser and the scattering pattern is measured by a number of detectors. These detectors
are arranged at various scattering angles from the direction of the laser source.
According to Mie light scattering theory for spherical particles a relationship exists
between scattering angle, the intensity of the scattered light at that angle and the
particle size distribution by volume. Such a device was selected for measurement of the

droplet size distribution in this research and is detailed in Chapter 5.
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2.6.2 Comparison of droplet size distributions

The laser diffraction technique generates percent volume data versus discrete droplet
diameter for the droplet distribution. In the software that controls these devices it is
possible for the user to select the number and range of discrete droplet diameters that
are used in generating the droplet size distributions. The number of droplet size ranges
(droplet size bins) in the distribution will vary depending on the distribution being
measured or generated. After evaporation for example some of the smaller sized
droplets will have completely evaporated and so disappear from the droplet size

distribution.

In order to analyse changes in the droplet size distribution and also to compare
experimental droplet size distributions with those generated by the theoretical
evaporation models it was necessary to develop a valid means of comparing these
distributions. This was achieved by comparing plots of percent volume versus droplet

diameter and by comparing calculated distribution parameters

The percent volume and droplet size data can be plotted on semi-log axes and can be
plotted in cumulative form. The cumulative form eliminates the effect of the different
number of bin sizes (say when comparing a droplet size distribution at the inlet of the
conduit with that at the outlet of the conduit when some droplet sizes will have
disappeared from the distribution). However much of the finer detail for the different
droplet sizes is lost in the cumulative distribution. Provided the change in the number
of bin sizes is not too great then comparison between distributions using the normal

non-cumulative plot is usually more informative.

Various distribution parameters can be determined for particle size, or in this case,
droplet size distributions [50, 51, 129]. For the current study the following parameters
have been chosen to describe the distribution: Dv10, Dv50, Dv90, Span, D[3,2],
D[4,3] and are defined in Table 2-1.

These parameters have been chosen on the basis that they give information that is
relevant to the current investigation. The Dv10 and Dv90 parameters give information
about the tails of the distribution; the smallest and largest droplets. The Dv50 gives
information about the median droplet diameter of the distribution (i.e., the middle sized
droplets) and the Span gives information about the spread of droplet sizes in the

distribution.
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Table 2-1: Droplet Size Distribution Parameters

Parameter Definition

The droplet diameter where 10 % of the volume of the
Dv10 droplets lies below this value. An indication of the size of
the smallest droplets in the distribution.

The droplet diameter where 50 % of the volume of the
droplets lies below this diameter, that is, the median droplet
size. For spherical droplets of water it is also known as the
MMAD or mass median aerodynamic diameter.

Dv50 - MMAD

The droplet diameter where 90 % of the volume of the
Dv90 droplets lies below this value. An indication of the size of
the largest droplets in the distribution.

P _ Dv90 — Dv10
Span pan = Dv50
A measure of the width of the distribution
Nt 3
_ 2j=11da,j
PRA=sv @,
D[3,2] - SMD J=177d
The weighted mean diameter based on surface area, also
known as the SMD or Sauter mean diameter
Nt 4
j=114d,j
Dlasl=sw 2 a3
j=1"%q,j
D[4,3]

The weighted mean diameter based on volume, also known
as the mass mean diameter (since, in this case, all particles
have same density)

A number of different mean values for a particle distribution can be determined but
those selected for this study are the D[3,2] and D[4,3] which represent the mean
droplet size based on surface area and the mean droplet size based on volume
respectively. Both droplet volume and droplet surface area are important in

evaporation studies.

2.7 Summary

The above literature review indicates the possibility of using an imposed ultrasound field
to enhance the evaporation of water micro-droplets in air flowing along a conduit.

Although a number of researchers have investigated the effect of ultrasound or acoustic
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fields on the evaporation of liquid droplets none have considered the specific situation

of the enhancing effect of ultrasound on the evaporation of a poly-disperse distribution

of water droplets. Furthermore there are perceived gaps in current research in terms of,

for example, accurate treatment of the fluid properties in the theoretical models.

The main objectives of this research, therefore are to investigate experimentally and

theoretically the enhancing effect of an imposed ultrasound field on the evaporation of

a poly-disperse distribution of water droplets into air as the air and droplets flow along

a conduit. Specifically to quantify the changes in the amount of water evaporated and

changes to the droplet size distribution as a result of the imposed ultrasound field.

The specific objectives of the research can be summarised as follows:

1.

Investigate the mechanisms proposed in this chapter for the enhancement of the

water droplet evaporation using an ultrasound field. This is detailed in Chapter 3.

Develop a theoretical model of the normal evaporation process for the situation
being investigated — an air and water droplet mixture flowing along a conduit. The
outputs from the model being used to determine the amount of water evaporated
and changes to the droplet size distribution over the length of the conduit. This is

detailed in Chapter 4.

Develop a theoretical ultrasound enhanced model to determine the effect of an
imposed ultrasound field on the evaporation process for the situation being
investigated. The outputs from the model being used to determine the amount of
water evaporated and changes to the droplet size distribution over the length of the

conduit. This is also detailed in Chapter 4.

Conduct an experimental investigation to quantify the amount of water evaporated
and changes to the droplet size distribution for the normal evaporation of the
ultrasound generated droplets and to compare these results with those of the

theoretical model. This is detailed in Chapters 5 and 6.

Conduct an experimental investigation to quantify the effect of an imposed
ultrasound field on the evaporation of the ultrasound generated droplets. Then to
compare these results with the normal evaporation results and with results from the

ultrasound enhanced model. This also is detailed in Chapters 5 and 6.
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6. Analyse the results from the theoretical models and experimental investigations to
better understand and to quantify the enhancement effect of the imposed

ultrasound field on the evaporation of water droplets into air flowing along a

conduit. This is detailed in Chapters 6 and 7.
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Chapter 3 - Preliminary Investigation

3.1 Introduction

There is no clear trend in the literature regarding the effect of ultrasound on droplet
evaporation especially in the context of many micro-droplets flowing in air along a
conduit. While some literature focuses on single droplet size and breakup mechanisms,
others focus on single droplet evaporation mechanisms. Therefore, it was felt that a
thorough preliminary investigation is essential for better understanding of the whole

process and to highlight the main contributing factors.

In Chapter 2 a number of possible mechanisms for the enhancement of water droplet
evaporation as a result of an imposed ultrasound field were identified. This chapter
details the preliminary investigation work on those mechanisms so that a suitable
theoretical and experimental methodology could be developed. The first part of this
chapter is a discussion arising from the literature review with respect to the
development of a research approach. The research methodology is detailed at the end

of this chapter.

3.2 Resonant excitation and disintegration in air

As detailed in Chapter 2 it has been reported that a large (mm size) droplet of water,
acoustically levitated in air, can be made to oscillate (i.e., change shape) and eventually
self-disintegrate. The droplet was held suspended in air by means of an ultrasound
levitator and the levitation signal was modulated with an acoustic signal close to one of
the resonant frequencies of the droplet. The droplet was observed to oscillate and with
a strong enough modulation signal the droplet could be made to self-disintegrate into
many smaller droplets. In the reported cases the droplets are relatively large so it was
necessary in the current work to investigate the application of this air-excitation method
to the resonant break up of much smaller sized (~ 5 um) micro-droplets. The feasibility
of this mechanism would depend on a number of factors: the droplet size and size range,
the method of excitation, the droplet resonant frequencies and transmission of energy,

by ultrasound, to the droplets. These factors are discussed in the following sections.
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3.2.1 Droplet size range

Previous studies have dealt with only single droplets of a single size. However in this
study many droplets with a range of droplet sizes are being dealt with. The method of
exciting the droplets at their resonant frequencies has to be able to be applied to all of

these droplets or at least a significant portion of them.

The droplet size range in the air/water droplet mixture depends on the specific device
used to generate the droplets. A typical nebuliser like the Aerogen Aeroneb Solo
nebuliser (see Chapter 5 for details) generates droplets that range in diameter from < 1
pum to around 60 um with an MMAD of around 4.5 um, which is typical of ultrasonic
nebulisers. A typical droplet size distribution for this device is shown in Figure 3-1 and
associated droplet size distribution parameters for this distribution are given in Table
3-1. Thus, in this case, to excite a reasonable proportion of the droplets (80%) the
method of excitation would need to be applied to droplets over a diameter range of

around 1 —-10 um.

Droplet size distribution - Aeroneb Solo

Volume %

1 NN \
v N

0.1 1 10 100
droplet diameter (um)

Figure 3-1: Typical droplet distribution for the Aeroneb Solo Nebuliser
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Table 3-1: Droplet distribution parametersfor Aeroneb Solo nebuliser

Parameter Value
Dv10 1.15 pm
Dv50 - MMAD 4.46 pm
Dv90 9.53 um
Span 1.88
D[3,2]-SMD 2.52 pum
D[4,3] 5.22 pum

3.2.2 Method of excitation

In the case of water micro-droplets in air, there is no need for acoustic levitation since
the droplet sizes are such that they remain entrained in the air for reasonable periods
of time. This can be shown by determining the terminal velocity of the droplets using
Stokes law applied to a spherical particle settling in a gas [50] as follows

Pddgg

Vterminal = 18# ( 3'1)

where o minal 1S the terminal velocity of the particle (m/s), dq4 is the particle diameter,
pq is the density of the particle (kg/m3), g is the gravitational constant (9.81 m/s?) and
W is the dynamic viscosity of the gas (Pa.s). This equation is valid for particles of diameter
1to 100 um in air. For example, the terminal velocity of a 5 um diameter water droplet
in still air at 35°C is found to be around 0.7 mm/s. However the fewer larger droplets in
the distribution will settle out more quickly, for example, for a 20 um diameter water

droplet in still air at 35°C the terminal velocity is around 11 mm/s.

To excite the droplets at one of their resonant frequencies it is considered that a suitable
ultrasound air transducer be used. It would need to operate at a frequency close to the
first or second resonant frequency of the droplets and be of sufficient power to induce
large oscillations in the droplets. The majority of ultrasound transducers available use a
piezoelectric element that is excited at one of its resonant frequencies. This means that
a specific transducer would only be able to excite a small portion of the droplets at their

resonant frequencies. A much smaller number of broadband transducers are available
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that have a reasonable response over a range of frequencies and this type of transducer

along with a suitable sweep signal would be required in this case.

3.2.3 Droplet resonant frequencies

As discussed in Chapter 2 the Rayleigh equation ( 2-2) gives the general relationship
between a liquid droplet’s diameter (or radius) and its resonant frequencies. It can be
seen from that equation that the droplet resonant frequencies vary strongly with
droplet diameter (dg) and thus as the droplet diameter gets smaller the resonant

frequencies increase rapidly.

Table 3-2 shows the Eigen frequencies for water droplets ranging in size from 1 to 10 um
in air. At smaller droplet diameters small changes in diameter lead to large changes in
resonant frequency. For example, for droplets of water of say 5 um and 4 um diameter
the resonant frequency for the fundamental mode (I = 2) is 973 kHz and 1360 kHz

respectively.

Table 3-2: Eigenfrequencies (kHz) for water droplets in air

droplet Mode number (1)
diameter, d4
(um) 2 3 4 5 6
1 10878.6 21066.2 32635.7 45508.3 59584.3
2 3846.2 7448.0 11538.5 16089.6  21066.2
3 2093.6 4054.2 6280.7 8758.1 11467.0
4 1359.8 2633.3 4079.5 5688.5 7448.0
5 973.0 1884.2 2919.0 4070.4 5329.4
6 740.2 1433.4 2220.6 3096.4 4054.2
7 587.4 1137.5 1762.2 2457.2 3217.3
8 480.8 931.0 1442.3 2011.2 2633.3
9 402.9 780.2 1208.7 1685.5 2206.8
10 344.0 666.2 1032.0 1439.1 1884.2

From the droplet distribution parameters in Table 3-1 it can be seen that 80% of the
volume of water in the distribution lies between droplets of diameter 1.15 pum and
9.53 um. For the fundamental mode of vibration this corresponds to a frequency range

of around 400 kHz to 9 MHz which would be difficult to achieve even with a broadband
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ultrasonic transducer. If just the larger sizes were targeted (e.g., 8 um to 10 um
diameter), this would correspond to a frequency range of around 344 kHz to 740 kHz

and this may be achievable by some broadband ultrasonic transducers.

3.2.4 Transmission of oscillations from transducer to droplets
There are three stages in the transmission of the excitations from the transducer to the
droplets. Firstly from the transducer to the air, then transmission through the air to the

droplets and finally from the air to the droplets. Each stage is now considered.

A number of manufacturers make piezoelectric and broadband transducers designed to
operate in air. There is a large impedance difference between the transducer surface
and the air. Thus, to maximise the transmission of ultrasound energy from the
transducer to the air, impedance matching layers must be used on the surface of the
transducer. However there are problems when used in an environment where water

droplets are present, for example:

1. One manufacturer [130] of piezoelectric non-contact ultrasound (NCU) transducers
designed to work in air states that their impedance matching layer is non-
compatible with water/moisture so a special environmental protection layer would
need be added. This reduces the efficiency of the ultrasound transmission to the

air but does protect the transducer against water.

2. Another manufacturer [131] states that their NCU transducer will fail to work
properly if any droplets or moisture condenses on the transducer surface. The
surface will not be damaged (silicon) and once the moisture is removed it will return

to its normal operation.

3. A manufacturer of a broadband non-piezoelectric transducers [132] states that their
BAT transducers work well in air over a range of frequencies but can be damaged if

the radiating surface comes in contact with the water droplets.

4. Many of these transducers are used in non-destructive testing (NDT) applications
and so are of low power and may not be powerful enough to achieve droplet

disintegration.

Thus, transducing ultrasound into the air is possible but the ultrasound energy

transmitted may be limited.
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Ultrasound transmittance through the air is attenuated significantly as the frequency of
the ultrasound increases. Attenuation values for air at 35°C, 95% RH and 101.325 kPa
are shown in Table 3-3 for a range of frequencies (from ISO 9613-1:1993 [133]):

Table 3-3: Attenuation of ultrasound in air

Frequency Attenuation
50 kHz 1.24 dB/m
100 kHz 4.402 dB/m
500 kHz 52.73 dB/m

1000 kHz 179.9 dB/m

For ultrasound propagating at 1 MHz in air, the amplitude of air vibration (and hence
energy of vibration) will reduce by 1.8 dB or to 66% of the original value over a distance
of just 10 mm! Furthermore, the presence of liquid water droplets in the air will increase
the attenuation significantly over these values. This means that the air/water droplet
mixture would need to pass over the transducer in a thin layer, and be kept very close

to the transducer, to maximise transmission of ultrasound to the droplets.

Finally the ultrasound energy transmitting through the air would need to be transmitted
from the air to the water droplets. As with the transducer, there is a large impedance
mismatch between air and water so only a small proportion of this ultrasound energy

would be transmitted to the water droplet.

The acoustic impedance Z for a plane wave propagating through a medium is given by

[134]
Z =pc (3-2)

where p is the density of the medium and c is the velocity of sound in the medium. For
air at 35°C and ambient pressure Z = 403.2 Ns/m3 and for water at 35°C and ambient
pressureis Z = 1.503 X 10 Ns/m3. The reflection coefficient for transmission of plane
acoustic wave from medium 1 to medium 2 with acoustic impedances of Z; and Z,

respectively is given by [134]
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R.= (ﬂ)z (3-3)
¢ \Z;+7,

Thus, for the transmission of a plane acoustic wave from air to water the reflection
coefficientis R, = 0.9989 i.e., only 0.1% of the energy will be transmitted to the water

droplet!

3.2.5 Remarks - resonant excitation and disintegration in air

It seems clear that although the air-excitation of water droplets at their resonant
frequency to induce self-disintegration is possible, especially for individual larger
droplets, resonant disintegration becomes very difficult for water droplets that are very

small (i.e., micro-droplets).

Firstly the excitation frequency varies strongly with droplet size (df{) and the droplet
sizes vary significantly for the output from a typical ultrasonic nebuliser. Thus a normal
piezoelectric transducer (effectively ‘one’ resonant frequency) use to excite these
droplets would be ineffective. Instead a special type of broadband transducer would be

required to cover the range of frequencies needed.

Secondly the transmission of ultrasound from the transducer to the air, then through
the air and finally from the air to the droplets suffers from significant attenuation at
each stage of the transmission process. This is especially significant for the high
frequency of ultrasound required to excite micro-droplets. Ultimately only a small
fraction of the energy generated by the transducer is available to excite a water micro-

droplet at its resonant frequency.

Resonant disintegration works for larger droplets because the resonant frequency
required is low (in the audible range i.e., not ultrasonic) and although impedance issues
still exist the attenuation in air over the distances involve (10’s of cm) is negligible and

reasonable transfer of energy to excite the larger water droplets is possible.

3.3 Acoustic squeezing and disintegration

It has also been reported in the literature [104, 105] that mm sized droplets of water,
acoustically levitated in air, can be acoustically squeezed to the point where they flatten
out and eventually self-disintegrate. The ultrasound levitator produces an ultrasound
standing wave which generates an upward (‘levitation’) force on the droplet if it is placed

close to one of the pressure nodes of the standing wave. In the right conditions the
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levitation force balances the weight force of the droplet and it is held stationary, in air,
in the device. The action of the acoustic levitation force in conjunction with the
opposing weight force generates stresses that cause the droplet to deform in shape. If
the amplitude of the levitation signal is increased the droplet is observed to change
shape, flatten out until at some critical level the droplet disintegrates into many smaller
droplets. This disintegration process could also be initiated on a stable, flattened

droplet by the application of an appropriate modulation frequency [94].

In the reported cases the droplets are relatively large (~ 1 mm size range) and are
individually levitated. However in the case of many water micro-droplets and air flowing
along a tube it was difficult to envision how an ultrasonic acoustic signal could be used
to generate these squeezing forces over a large number of droplets or indeed if it was
even possible. Furthermore, for larger (mm size) droplets the surface tension provides
a very flexible surface to the droplet and inertia/viscous effects of the liquid inside the
droplet tend to dominate. For micro-droplets the surface tension will provide a much
stiffer, less flexible surface to the droplet relative to its mass and this will affect the
ability to squeeze and disintegrate a micro-droplet. Therefore the application of this
ultrasound mechanism to enhancing the evaporation process was not investigated any

further.

3.4 Solid surface excitation and impact disintegration

It is apparent from section 3.2.4 that it is difficult to transfer enough energy from the
transducer through the air to the droplets to achieve resonant disintegration. To
overcome this problem it was proposed to use a solid surface (rather than air) vibrating
at ultrasonic frequencies to transfer excitations to the droplets. When the micro-
droplets come into contact with the surface they would either be excited at their
resonant frequencies and at large enough amplitudes to cause self-disintegration or
disintegrated into smaller droplets due to the velocity of vibration and impact. A further
break up mechanism possibility is the generation of capillary waves or cavitation effects
on the droplet as discussed in chapter 2. This technique has been used successfully to

generate smaller droplets from single large (2 -3 mm diameter) droplets [135].

Of course the discussion in sections 3.2.1 on the droplet size range and in section 3.2.3
on the droplet resonant frequencies for air excitation applies to this case as well i.e.,

there is a large range of droplet sizes and a broadband transducer exciting the solid
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surface would be required with a suitable sweep frequency generator to disintegrate a

reasonable proportion of the droplets.

A second, related method of droplet disintegration, which could be called “impact
disintegration”, involves impinging the droplets onto a solid surface (not necessarily
vibrating) at such a velocity that the droplets disintegrate and eject from the surface.
This phenomena has been well studied [107, 108, 136-138] especially in regard to fuel

droplets impacting on heated surfaces.

The feasibility of using a solid surface to excite the droplets or for impact disintegration
depends on the interaction of the droplets with the solid surface and this is now

considered.

3.4.1 Liquid droplet interactions with a solid surface

When a liquid droplet impinges on a dry solid surface (vibrating or stationary), a range
of possible interactions can occur. These include attachment of the droplet to the
surface, spreading out of the droplet over the surface, partial breakup of the droplet
with partial attachment, bouncing of the droplet off the surface into several fragments
(with possible partial attachment), disintegration of the droplet with some fragments
remaining on the surface and some being ejected from the surface (bounce) and so on
[107-109]. The interaction that occurs in a specific case depends on a range of factors
and these include the droplet parameters: diameter, temperature, viscosity, density,
surface tension and droplet impact velocity and impact angle as well as surface
properties: surface roughness, surface temperature, surface hydrophobicity, surface
compliance (elasticity) etc. These parameters are usually combined into relevant
dimensionless groups such as the Weber number, Reynolds number and the Ohnesorge
number and attempts have been made to correlate these numbers with the various
interactions but little correlation has been found [108]. However at the low droplet
velocities and surface temperatures, as is found in our study, the droplets will most likely
attach to and spread out on the surface which will effectively prevent the droplet
excitation process from occurring. Instead the vibrating surface will simply become
covered with a layer of water. Preliminary calculations for the size of droplets used in

our study confirmed this.

In the case of impact disintegration, the droplets would need to be impinged against the
dry solid surface at much higher velocities to achieve droplet breakup, that is, a
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‘splashing’ interaction. However even in the splashing regime a significant proportion of
the droplet volume would remain attached to the solid surface [108] thus wetting the
surface and preventing further droplet breakup. Once the solid surface is wetted then
the droplet interaction with the surface changes and although analysis is easier (surface
properties no longer influence the outcome) [108] and even though splashing will occur
(generating smaller droplets) a significant proportion of the droplet volume remains on
the wetted surface. The overall result is that in these situations evaporation will almost

certainly be hindered rather than accelerated.

3.4.2 Experimentation
The expected outcomes for solid surface excitation and disintegration are investigated
and confirmed by the results of three simple experiments. In each experiment the

micro-droplets were impinged against solid surfaces.
e Experiment1

In one experiment micro-droplets were ejected from a droplet generator (similar to that
shown in Figure 3-3) and impinged directly against the inclined transmitting surface of a

1.45 MHz ultrasound nebulising transducer.

It was found that the droplets impinging on the transducer coalesced into larger droplets
and either ran off the inclined face or were re-nebulised into droplets. The droplet size
distribution downstream of the inclined transducer showed no significant changes from
that measured at the outlet of the droplet generator. Since the droplet generator and
inclined transducer operated at similar frequencies there were no size advantages

gained from the small proportion of re-nebulised droplets.
e Experiment 2

In a second experiment the air/droplet mixture, from the droplet generator used in
Experiment 1, was passed through a porous plug of aluminium excited at 1.45MHz. It
was hoped that the porous nature of the aluminium would provide a large surface area

that was vibrating and also allow free passage of the moist air.

It was found that the water droplets coalesced inside the porous plug and filled up the
housing containing the plug. There was no detectable change in the droplet size
distribution measure downstream of the porous plug compared to that measured

upstream.
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e Experiment 3

In a third experiment the air and water droplet mixture was delivered to the intake of a
small, high speed (24,000 rpm) rotary compressor. The aim was to observe the effects

of high impact velocities on the droplet distribution.

In this case it was found that the majority of the droplets attached to the impeller
surfaces and very few droplets were discharged from the compressor outlet (too few to
be measured for size). Liquid water dripped from the compressor casing. Thus it was

evident that little if any droplet breakup had occurred.

3.4.3 Remarks - solid surface excitation and disintegration

From the initial investigation carried out in this section it also seems clear that using a
solid surface to excite the many micro-droplets at their resonant frequency or impinging
the many micro-droplets at high speeds against an ambient temperature solid surface
will not result in further droplet disintegration. Rather, conditions are such that the
droplets attach to and wet the solid surfaces. Although the mechanisms for droplet
disintegration discussed in this section have been shown to occur for single, large
droplets [135] or for many small droplets on heated surfaces [109] it is unlikely they will
be effective in the enhancement of the evaporation of many micro-droplets in an air

stream utilising ambient temperature surfaces.

3.5 Initial investigation of ultrasound enhanced evaporation

As discussed in section 3.2.2 the droplets generated from a typical ultrasonic nebuliser
are small enough to remain entrained in the air flowing along a tube. Thus there is very
little relative movement between the micro-droplets and the air. As mentioned in
Chapter 2 many studies investigating the evaporation of these small micro-droplets into
air [48, 52, 56, 59] assume that the heat transfer between droplet and air is conductive,
rather than convective and the mass transfer between droplet and air is governed by
Fick’s law of diffusion rather than convective diffusion. Thus if it were possible to
generate sufficient relative movement between the air and droplets it would be possible
to promote both convective heat transfer and convective mass transfer. This would

enhance and accelerate the evaporation process.

It may be possible to generate this relative movement between the droplets and the air

by exciting the air and micro-droplet mixture using a suitable ultrasound signal. The air
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particle displacement and velocity would need to be determined and the dynamic

response of the droplets to the air movement would also need to be calculated.

The air particle displacement amplitude, { for a plane sinusoidal acoustic sound wave in

a fluid is given by [134]
— /l)/ —
(=47 (3-4)

where v is the particle velocity amplitude (m/s), p is the pressure amplitude of the
acoustic signal (Pa), p is the density of the fluid (kg/m?3), ¢ is the signal speed in the fluid
(m/s) and w is the frequency of the acoustic signal (rad/s). The rms value of the pressure

amplitude, p.,s is related to the sound pressure level (SPL) by

SPL = 201log, (prms) (3-5)

ref

Where the reference rms pressure amplitude, p.r is 20 uPa.

In Chapter 2 the dynamic response of a particle in a gas subject to a sinusoidal acoustic
wave was discussed. Equation ( 2-4) gives the ratio of the particle velocity amplitude to
the gas velocity amplitude and in the case of a harmonic (sinusoidal) acoustic signal the
ratio of the displacement amplitudes will be the same as the ratio of the velocity

amplitudes given in equation ( 2-4).

Thus, for example, for a5 um diameter water droplet in air at 20°C subjected to 160 dB
of ultrasound at 100 kHz the displacement amplitude of the air molecules will be around
11 um at a peak velocity of around 6.9 m/s. In this situation the displacement response
of the water droplet to the air movement is around 2% (i.e., it remains relatively
stationary relative to the air). Thus relative movement between air and droplet is
generated from an ultrasound field and may be sufficient to enable convective heat and

mass transfer.

3.5.1 Effect on different droplet sizes

A typical droplet size distribution from the ultrasonic nebuliser used in this study is
presented in section 3.2.1. Table 3-4 shows results when the air and water droplet
mixture is subjected to ultrasound in air at 20°C at 160 dB at frequencies of 20 kHz and
100 kHz for representative droplet sizes of 1, 5 and 20 um. These droplet sizes represent

the smaller, middle and larger sized droplets in the distribution. The peak air velocity in
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all cases is 6.9 m/s. The results shown in the table are the amplitude of the air molecule
vibration, the displacement response of the droplet and the peak Reynolds number (at

maximum air velocity).

Table 3-4: Ultrasound effect, at 160 dB, on different droplet sizes

Amplitude of Droplet
air molecule displacement
Droplet vibration response Peak Re
diameter
(um) (%)
(km)
20 100 20 100 20 100
kHz kHz kHz kHz kHz kHz
1 54 11 93 46 0.45 0.45
5 54 11 10 2.1 2.3 2.3
20 54 11 0.7 0.1 9.0 9.0

From Table 3-4 it can be seen that the convective enhancement effect will be lower for
the smaller droplets since they tend to move with air oscillations and the Reynolds
number is very low. Although the air particle displacement is large relative to droplet
size. The convective enhancement effect is more significant for the large droplets, where
it is needed, since they remain stationary relative to the air oscillations and the Reynolds
numbers are larger. Lower frequencies are probably better for the larger droplets as
the amplitude of air molecule vibration is larger. However this is partially offset by a
greater droplet displacement response (i.e., droplet moves with the air more and so

relative motion between droplet and air decrease slightly).

This simple analysis does not take into account the presence of a large number of
droplets in the air and its effect on the acoustic wave nor the possibility that the acoustic
wave could be a standing wave. Also, although the peak superficial Reynolds number
based on these figures is still very low, due to the small droplet size, the enhancement
of evaporation using this mechanism was considered worthy of further investigation.
Preliminary experimental trials were conducted as detailed in the next section and a

theoretical model for ultrasound enhanced evaporation is developed in Chapter 4.

40



3.5.2 Preliminary experimental work

Initial experimental work relating to the concept of using an ultrasound field to enhance
the heat and mass transfer were carried out using a range of ultrasound transducers.
This work was performed to evaluate the practical potential of the ideas that were

previously developed.

Initially, low power piezoelectric based air transducers were used to generate the
ultrasound field. Then more powerful broadband transducers were used. The
frequency range of these latter transducers was varied in an attempt to see if different

frequencies had any effect on the droplet evaporation process.

3.5.2.1 Low power air transducers

Initially the concept was tested by using low power ultrasonic air transducers in batch
and continuous flow arrangements. This involved using a flat plat nebulising transducer
mounted in the bottom of a chamber covered with a 2 cm layer of water so that droplets
were generated into the chamber as shown in Figure 3-2 and Figure 3-3 . A second
ultrasound air transducer was mounted in the top of the chamber. Two air transducers
were used, one operated at 32.8 kHz and the second at 40 kHz. The chamber was also
fitted with air inlet and outlet ports. Two scenarios were considered, batch mode and

continuous mode.

In batch mode, the air supply was turned off and the nebulising transducer was run for
a short period of time till droplets filled the chamber. This transducer was then turned
off. Once turned off the droplets in the chamber would evaporate and/or condense and
so ultimately disappear from view. This disappearance time was measured. The
experiment was repeated but this time after the nebulising transducer was turned off
the air transducer in the top of the chamber was turned on. The time taken for the
droplets to evaporate/condense and disappear from view under the imposed
ultrasound field was measured and the two times compared. Trials were run for the

two different air transducers.
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Figure 3-2: Schematic of initial experimental set up with low power ultrasonic air
transducers
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Figure 3-3: Experimental set up - continuous mode operation

In continuous mode the air supply was turned on at the same time as the flat plate
nebuliser so that a stream of air and droplets issued from the outlet port of the chamber.
A droplet size measuring device (Malvern Spraytec, described in detail in Chapter 5) was
used to measure the droplet size distribution at the outlet port. The size distribution

was measured with the top mounted air transducer turned off and again with it turned
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on and the two distributions compared. Trials for both air transducers were carried out.
Although no air properties were measured in these initial trials it was considered that
even a small change in the droplet size distribution would indicate some enhancing
effect from the ultrasound field. Additionally the Spraytec device output a %
transmission value that was measure of the denseness of the spray so that any increase

in evaporation could be seen as a change in the % transmission value.

However, no measureable effect was observed from the imposed ultrasound field in
these initial trials. The times to disappearance in the batch mode trials for both air
transducers were identical between normal and ultrasound cases. Also, there were no
changes in the measured droplet size distributions or % transmission values in the

continuous mode trials for both air transducers between normal and ultrasound cases.

The air transducer in the continuous mode set up was moved from the top of the
chamber and mounted in the outlet port in an attempt to get a stronger ultrasound field,
however the measured droplet size distributions and % transmission values again

showed no changes between normal and ultrasound cases, for both air transducers.

The lack of any measurable change to the evaporation characteristics was considered to
be either due to the low power input of the air transducers or possibly the frequency of

operation of those transducers, which could not be altered.

Thus, an air ultrasound air transducer was sourced that had a much higher power output
than those that had been used previously — a BAT transducer from MicroAcoustic
Instruments Ltd. Additionally it was of a novel design (non-piezoelectric) that allowed
true broadband operation over a wide range of frequencies (20 kHz — 2 MHz). The trials

carried out with these transducers are described in the next section.

3.5.2.2 MicroAcoustic BAT transducers

At this stage the generation of droplets using the flat plat transducer and chamber
described in the last section had been abandoned. With that system it was not possible
to accurately measure the ‘inlet’ or input droplet size that would be needed as an input
in the theoretical models that were being developed. A new method of nebulisation
had been selected that used a perforated plate technique (described in Chapter 2) to
generate the droplets. The device selected (Aeroneb Solo, described in detail in Chapter

5) allowed the inlet droplet size distribution to be easily measured and was more
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suitable for incorporating into the proposed experimental apparatus for this

investigation (see next section and Chapter 5).

Initially the experimental set up was as shown in in Figure 3-4 and Figure 3-5. Air was
supplied to the conduit, droplets were generated directly into the air flow and the
broadband BAT transducer was mounted just downstream of the nebuliser. The droplet

size measuring device was mounted at the outlet of the conduit.

BAT ultrasound
transducer

nebuliser
(water droplets in)

air + droplets

= outlet

air/v
inlet
conduit

Figure 3-4:Experimental setup - BAT transducers

nebuliser BAT ultrasound
(water droplets in) transducer

droplet size
measuring

air + droplets
outlet

Figure 3-5: Experimental setup: BAT transducers
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Trials consisted of turning on the air flow and nebuliser and measuring the droplet size
distribution and % transmission values at the outlet of the conduit. Measurements were
taken with the BAT transducer turned off and also taken with the BAT transducer turned
on at different power inputs and frequencies. Again, in these initial trials, no air
properties were measured as it was considered that even a small change in the droplet
size distribution or % transmission values would indicate some enhancing effect from

the imposed ultrasound field.

However at maximum power and over a wide range of frequencies no changes in the

outlet droplet size distribution or % transmission values were observed.

It was also discovered that any water droplets that came into contact with the BAT

transducer’s active surface during high power operation destroyed the transducer!

Apparatus providing an alternative flow arrangement that minimised the risk of droplets
coming into contact with the transducer active surface was designed and built and is
shown in Figure 3-6 and Figure 3-7. However a complete set of trials (power levels,
frequencies) with this new apparatus also failed to show any impact of the imposed

ultrasound field on the outlet droplet size distribution.

nebuliser
(water droplets in)

air + droplets
outlet

BAT ultrasound
transducer

AN

conduit

air
inlet

Figure 3-6: Cross-section of modified apparatus using BAT transducer

At this point it was realised that in fact much higher power levels would be needed in
the imposed ultrasound field to achieve any evaporation enhancement. The power

generated by the ultrasound transducers used so far were less than 1 W. Further
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investigation in the area of ‘power ultrasound’ revealed that much higher power air

ultrasound transducers were available and one such transducer was selected for the

main investigation reported in this work (see Chapter 5).
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Figure 3-7: Modified experimental setup : BAT transducer

3.6 Methodology

From the initial investigations detailed in this chapter and from the literature review

detailed in Chapter 2 a clear methodology for the experimental and theoretical

investigation to be undertaken in this research was developed.

A model of the normal evaporation process needed to be developed that accounted
for all the significant physical and thermodynamic processes involved. It should
allow for the droplet size distribution to be an input so that changes to that
distribution could be determined. It should include explicit details of the mass and
heat transfer processes involved as these will be modified for the ultrasound
enhanced case. Outputs from the model should include the flow rate, temperature
and size distribution of the water droplets and the flow rate, temperature and
relative humidity of the air at the discharge of the conduit.

Then a second ultrasound enhanced evaporation model would be developed. It
would be substantially the same as the normal evaporation model but the heat and
mass transfer processes would be modified to allow for the convection effect of the

oscillating air molecules under the action of an imposed ultrasound field. Thus
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results generated from these models could then be compared to experimental
results to provide a better understanding of the ultrasound enhanced evaporation
process and to quantify the effect of the ultrasound field on water droplet
evaporation. Details of the development of the theoretical models are given in
Chapter 4.

The experimental investigation should clearly show any improvement in evaporation
as the result of the imposed ultrasound field. Thus any apparatus used should be
set up such that the amount of water evaporated over the length of the conduit
could be determined and also any changes to the droplet size distribution could be
determined. The general flow schematic for a suitable experimental set up to

achieve these requirements is shown in Figure 3-8.

ultrasonic

nebuliser
droplet size
? ! measurement
air flow in —
flow air air + droplets
—>é meter heater | ultrasound transducer . —  owout

Figure 3-8: Schematic for experimental set up

In this set up, air of known temperature, pressure, relative humidity and flow rate
flows along a conduit of known length and diameter. Water droplets of known
temperature, flow rate and size distribution are generated by an ultrasonic nebuliser
and combined with the flow of air in the conduit. The air and droplets can then be
subjected to an intense ultrasound field of known frequency and amplitude which
accelerates the droplet evaporation process. This ultrasound field can be turned off
or on for comparison purposes. A flow of humidified air will discharge from the
outlet of the conduit and also possibly a flow of water droplets (depending on the
ratio of water flow to air flow at the inlet and depending on the length of conduit).
Ideally all the conditions at the outlet of the conduit should be measured:
temperature, flow rate and size distribution of the remaining water droplets (if any)

and temperature, flow rate and relative humidity of the air.
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The experimental results generated would then be compared to the theoretical
results to provide a better understanding of the ultrasound enhanced evaporation
process and to quantify the effect of the ultrasound field on water droplet
evaporation. Details of the actual experimental set up used are given in Chapter 5.
Comparison and discussion of the results from both the theoretical models and the

experimental investigation are given in Chapter 6 and Chapter 7.
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Chapter 4 - Theoretical Formulation

4.1 Introduction

This thesis investigates and quantifies the improvement in evaporation of water
droplets as a result of an imposed ultrasound field. An air and water droplet mixture
flows along a conduit with the water droplets evaporating into the air. The mixture is
then subject to an ultrasound field, the purpose of which is to accelerate the
evaporation process. As the evaporation process depends significantly on the droplet
size then changes to the droplet size distribution, are also of interest, as the droplet/air
mixture travels along the conduit for both normal evaporation and when the ultrasound

field is applied.

Conducting a purely experimental investigation has many limitations which come about
as a result of the physical system and its surroundings. However, theoretical modelling
has several advantages including wider general conclusions, change of any parameter,
and so on. In this theoretical part of the investigation models are developed that
simulate the droplet evaporation process. In the next section a model is developed that
assumes the droplet size distribution is mono-disperse meaning that the water droplets
are all of the same diameter. In later sections this model is modified to incorporate a
more realistic poly-disperse droplet size distribution, where the droplet diameters vary
in the size distribution. Finally the model is modified to incorporate the application of
an ultrasound field to the air and poly-disperse droplets, with the intention of
accelerating the droplet evaporation process. In each case the development of these

theoretical models is described and their implementation in MATLAB® outlined.

4.2 Evaporation model - Mono-disperse droplets

As discussed in Chapter 2 and 3, it was decided to develop a water droplet evaporation
model that can be modified to account for the application of an ultrasound field. This
model is expected to be practical, easy to follow, and produces acceptable practical
values. In this section a model is developed, comprised of the governing equations for
the evaporation of mono-disperse water droplets into air as they flow along the conduit.
Since there are many droplets evaporating into the air it is important that the coupling
between the mass and energy balances for the droplets and for the surrounding air is

included in the model. Thus these equations are based on the mass and energy balances
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for the water droplets and for the surrounding air. Although others have developed
similar models [55, 73]; nevertheless this model is expected to have the flexibility to
account for a poly disperse droplet size distribution and to account for the effect of the

imposed ultrasound field.

The key parameters in the evaporation process are: droplet size dg, droplet temperature
T4, surrounding air humidity ¢, (in terms of the water vapour pressure p., ) and
surrounding air temperature T,,. With these parameters it is possible to quantify the
amount of water evaporated along the conduit. Although mono-disperse droplet
distributions are rarely found in practice the mono-disperse droplet evaporation model
represents a simpler initial case that, that when validated, would give confidence in the

later more realistic and more complex evaporation models.

4.2.1 Physical situation to be modelled

The physical situation to be modelled consists of an air stream flowing along a conduit
at flow rate Va,il temperature Ty, ; and relative humidity ¢, ; (Figure 4-1) . An ultrasonic
nebuliser attached to the conduit injects droplets into the air stream at a flow rate of
Vw,i and uniform temperature Ty;. The droplet size distribution for this model is
considered to be mono-disperse with all the droplets having an initial uniform diameter
of dg;. A representative thin plug or control mass of air and water droplets is considered

and droplets begin to evaporate into the surrounding air in the plug as it moves along

the conduit (Figure 4-2).
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Figure 4-1: Physical situation of evaporation process - mono-disperse droplets
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Figure 4-2 Plug flow model - mono-disperse droplets

4.2.2 Assumptions

The assumptions used in developing the theoretical mono-disperse droplet evaporation

model are

1. The droplets are considered to consist of pure water only, i.e., there are no
impurities or dissolved substances. The small amount of impurities in normal tap
water will have little effect on the nebulisation or evaporation process.

2. The ratio of water droplets to air in the moving plug or control mass is low and
is typical of that found in medical humidification devices.

3. The droplets generated by the ultrasonic nebuliser are of a single size (mono-
disperse) typical of that produced by ultrasonic nebulisers and in the size range
2—-20 pm.

4. Thedroplets are uniformly dispersed in the moving plug and due to the low liquid
water to air ratio, they remain uniformly dispersed during their lifetime and
therefore they do not coalesce. The droplets are ejected from the nebuliser at
sufficient velocity so that they mix into the air in a uniform fashion.

5. Any interaction between the droplets and the conduit walls are ignored due to
the low ratio of liquid water to air.

6. Due to the assumptions of low droplet concentration, and no interactions with
conduit walls or other droplets it is assumed therefore that all the droplets

behave uniformly.
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7. Prior to complete evaporation the number concentration of the droplets (ie
number of droplets per unit mass of dry air) remains constant in the moving plug.

8. The mass transfer mechanism is diffusion dominated (Fick’s law) and the heat
transfer mechanism is conduction dominated because the droplets are of a small
size and remain approximately stationary relative to the air (see Chapter 3).

9. The droplet size is such that the time scales required for temperature uniformity
within the droplet are much smaller than the evaporation time scales, therefore
uniform temperature within the droplet is assumed.

10. The air immediately adjacent to the droplet surface has the same temperature
as the droplet and has a water vapour pressure in the saturated condition.

11. Stefan flow is ignored since the saturation pressure at the droplet surface is
much lower than the total pressure in the surrounding medium [51].

12. The conduit walls are assumed to be adiabatic which is approximately correct as

the air flow along the conduit is relatively fast.

4.2.3 Droplet mass balance
Consider a system boundary that is located on the surface of a single water droplet
(Figure 4-3) in the plug flowing along the conduit. Now considering conservation of mass

over a small time period dt in the plug for the droplet, then

mass flow rate mass flow rate change of mass (4-1)
[( into water ) - ( out of water )] dt = ( of water )
droplet droplet droplet

For an evaporating water droplet the first term in the above equation is zero and

therefore

_ dmd

-1, = —— 4-2
Ty = — (4-2)

Where m,, is the mass flow rate of water evaporating from the droplet surface and my
is the mass of the droplet. Considering the LHS of this equation, the evaporation rate of

water vapour from the droplet surface to the surrounding air can be written as

Thw = ij ( 4"3)
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Figure 4-3 Mass and heat flows during evaporation

Where j,, is the mass flux and the surface area A = 4mr? for flux from a spherical
droplet. Since diffusion of the water vapour is governed by Fick’s law then the mass flux

Jw is given by
jw = _DWVCW (4'4’)

Where D, is the diffusion coefficient for water vapour in air and c, is the mass
concentration of water vapour in the air. Also, since it is assumed that the water droplets
are stationary relative to the air and there are large distances between the water
droplets (relative to droplet size) then the concentration gradient is dependent on the

radial distance, r alone so

dc
m,, = —D,4mr? d—;”' (4-5)

In some situations the size of the droplets will become very small during evaporation
such that they approach the size range of the gas molecules surrounding the droplets
(air and water vapour) and the assumptions behind Fick’s Law diffusion no longer apply.
This non-continuum effect on water diffusion (and also conduction heat transfer) as the
droplets become very small can be compensated for by using correction factors based
on the Knudsen number (Kn = 21/dgy, where A is the mean free path of the gas
molecules surrounding the droplet). The form of the correction factors used in our study
are the same as those proposed by Fuchs & Sutugin [80], by Vesala et al. [48] and by
Ferron & Soderholm [43] and are used to modify the mass and heat flux equations. The

mass flux correction factor is
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1+ Kny,

fn = 1+ (% + 0.377) Kn,, + %ann (4-6)

And the heat flux correction factor is
¢, = . 1+ Kny . .
1+(37h+0.377) Kny, + 35 Knf (47)

Where a,, and a; are the mass accommodation coefficient and thermal (heat)
accommodation coefficient respectively [51]. They are a measure of the effectiveness
of the mass and heat transport processes occurring at the gas liquid interface during
evaporation. Also, Kn,,, and Kny, are the mass transport Knudsen number and thermal

transport Knudsen numbers respectively [43]. Thus equation ( 4-5) becomes

dc,,
——Cn (4-8)

1y, = —D,4mr? ™

Solving equation ( 4-8) by separation of variables between the limits of r = dy/2 and o

gives
mw = DW. 27Tdd(Cd - Coo)Cm (4-9)

Where c4 and ¢, are the mass concentrations of water vapour at the droplet surface
and some distance away from the surface, respectively. Now this mass concentration of

water vapour in the air, c,, is equivalent to the partial density, p,, of water vapour in the

air, that is:
m
Cw=Pw =" (4-10)
And, assuming that the water vapour behaves like an ideal gas then
pwV = my,R, Ty (4-11)
Rearranging gives
Dw_ _Pw 4-12
vV T R,T, (4-12)

Combining equations ( 4-12) and ( 4-10) and since the specific gas constant for the water

vapour R,, = R,/M,, then
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Cow = (4-13)

Substituting equation ( 4-13) into ( 4-9) and writing the water vapour pressure and the
air/water vapour temperatures in terms of the droplet surface and surrounding air, gives
the mass flow rate of vapour diffusing from the droplet surface as (that is, LHS of
equation ( 4-2))

_ Dwzndde (pd poo)
=—\=—=|Cy

I 4-14

Now, considering equation ( 4-2) the rate of change of mass of an individual water

droplet in terms of the droplet diameter d  then
dmg d nd3 415
dt de\P76 (4-15)

Where pq is the density of water in the droplet. Therefore

dmd _ pdﬂ'dg ddd
dt 2 dt

(4-16)

Substituting equations ( 4-16) and ( 4-14) into equation ( 4-2) and rearranging gives an

expression for the rate of change of droplet diameter during the evaporation process.

ddq  4DyM,, (Do
d_ (p——@) Cm (4-17)

dt _pdddRu Too Td

Additionally, for the curved droplet surfaces there is an increase in vapour pressure due

to the Kelvin effect [139] which can be expressed as

40,M
94w ) (4-18)

Where p4q and p, are the water vapour pressures above the curved droplet surface and

a flat surface respectively. Also, gy is the surface tension of the water in the droplet.

4.2.4 Droplet energy balance

Considering now the energy balance for the droplet in Figure 4-3 then over a small time

period dt
rate of energy rate of energy change of
[(ﬂow into water) - <ﬂow out of water)] dt = | energy of water (4-19)
droplet droplet droplet
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For conditions favouring evaporation, as will be typically found in medical breathing
apparatus, then the surrounding air in the plug, some distance from the droplet, is at a
higher temperature than the water droplet. Thus the energy flow into the droplet is by
heat conduction, Qcond and the energy flow out of the droplet is the latent energy
associated with the water evaporating from the droplet, Eout. The energy change of the
droplet is the change in enthalpy of the droplet, dH4. Thus equation ( 4-19) for a an

evaporating droplet is

dH,

Qcond - Eout = 7 (4'20)

The rate of heat conduction from the air to the droplet for a spherical conduction layer

is given by

. AT
Qcond = R (4-21)
th, sphere

And the thermal conduction resistance of a spherical layer, Ry, sphere is given by [140]

,—n

R, sphere = (4-22)

4ntriryk

where 7, and 1, are the inner and outer radii respectively and k is the thermal
conductivity of the spherical layer. Thus, for a very thick spherical boundary layer (of
air), as found in this case, then r, > r; and substituting ; = dy/2, equation ( 4-22)

reduces to

1
Rth, boundary layer — Zﬂddkf (4-23)
Where k¢ is the thermal conductivity of the air in the boundary layer surrounding the
droplet. Substituting equation ( 4-23) into ( 4-21) and applying the non-continuum heat
flux correction factor C},, equation ( 4-7), gives the conduction heat transfer to a single

droplet
Qcond = 27Tddkf(Too - Td)Ch (4-24)

The air temperature at the surface of the droplet is assumed to be the same as the
droplet temperature T4 and T, is the air temperature in the bulk air surrounding all the

droplets in the plug.
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Now, the latent energy removed from the droplet in the form of a vapour flow ( 4-20),

assuming the vapour is saturated at the droplet surface, is given by
Eque = 1y hyg (4-25)

where hyis the enthalpy of the saturated water vapour at T4q. Combining equations ( 4-2)

and ( 4-16) into ( 4-25) gives

pard§ ddg
2 dt 9

B = (4-26)

Finally, considering equation ( 4-20) the rate of change of energy (enthalpy) of a liquid

droplet, can be written as

de d(mdhd) dmd dhd
_ _ d 4hd 4-27
dt dt ha=ge Y Mg (4-27)

where hy is the specific enthalpy of the liquid droplet. Substituting equations ( 4-27),

(4-26) and ( 4-24) into the energy balance equation, ( 4-20) and simplifying gives

dd
dhg 12k¢(To, — Tg)Ch + 3pada(hy — hq) d—td (4-28)
dt pad;
Also, the enthalpy of a liquid can be closely approximated [141] as follows
dhd = Cp,dde (4-29)

Where C, 4 is the average specific heat capacity of the water in the droplet. The specific
enthalpy hy of the water in the droplet is approximately equal to the specific enthalpy
of the saturated liquid h at the droplet temperature Ty, so the term (hg — hd) in
equation ( 4-28) can be written as the enthalpy of vaporisation hg,. Thus substituting
this simplification and equation ( 4-29) into equation ( 4-28) and rearranging gives an
expression for the rate of change of droplet temperature during the evaporation process

in the plug

ddy

dTy _ 12ki(Teo — Ta)Cy + 3padahyg —g (4-30)

dt pddczlcp,d

4.2.5 Surrounding air mass balance
Considering the mass balance for the region occupied by the surrounding air in the plug

(see Figure 4-2 and Figure 4-3) then
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mass flow rate \ mass flow rate 1 /change of maSS\

into region out of region of region
| occupiedby |—| occupied by J dt =| occupied by (4-31)
\ surrounding \ surrounding \ surrounding

air in plug air in plug air in plug

The mass of dry air in the plug remains constant during the evaporation process and the
mass flowing into the region occupied by the surrounding air in the plug is in the form
of water vapour only (from all of the droplets) so that the mass balance is really a water
balance. Furthermore, there is no mass flow out of the region occupied by the

surrounding air in the plug. Applying this to equation ( 4-31) gives

. dmy o
nm,, = It

(4-32)

Where n is the number of droplets in the plug and m,, , is the mass of water vapour in
the surrounding air in the plug. Considering the mass flow rate of water vapour diffusing
into the surrounding air from all of the droplets, and combining equations ( 4-2) and
(4-16) for m,, then

pamds ddg
2 dt

nm, =n (4-33)

Now, considering the rate of change of mass of water vapour in the region occupied by
the surrounding air in the plug, it is assumed that the water vapour behaves like an ideal
gas, and so from equation ( 4-12) for the surrounding air

_ PV
" R, T,

My, co (4-34)

Where p., and T,, are the water vapour pressure and temperature respectively in the
surrounding air in the plug. Differentiating with respect to time and assuming that the
volume and temperature remain relatively constant compared to the water vapour
pressure then

dMy,e  dpe V
dt  dt R,T,

(4-35)

Now the volume of the plug can be expressed in terms of the mass of dry air, m, and

the air specific volume, v,

V =m,v, (4-36)
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And since the specific gas constant R,, = R,/M,, then

dmy,e  dpw Mym,v,
dat  dt R,T,

(4-37)

Substituting equations ( 4-37) and ( 4-33) into equation ( 4-32), then simplifying and
rearranging gives an expression for the rate of change of water vapour pressure in the

surrounding air during the evaporation process in the plug

AP TR, Too ( ) ddd> (4-38)

—_— = N R

dt 2M,,v, \Pa%dmd g

Where N,,q = n/m,, which is the number droplet concentration, i.e., number of
droplets per kg of dry air in the plug. This number droplet concentration can also be
expressed in terms of the input dry air flow rate m, and water flow rate Vw,i into the

conduit so for the plug

de — I./W,i/(ndg,i/6)

(4-39)

m,

4.2.6 Surrounding air energy balance

Considering the energy balance for the region occupied by surrounding air in the plug:

[ /rate of energy rate of energy\ 1 change of
/ flow into \ / flow out of \ / energy \
region region _ of region
occupied by occupied by dt = occupied by (4-40)
surrounding surrounding surrounding
L \ airin plug air in plug /| air in plug

Assuming that the conduit walls containing the air/water droplet mixture are adiabatic
and considering the plug as a closed system then this energy balance can also be
considered as the constant pressure mixing of the humid surrounding air with the water
vapour diffusing in to it from the droplets. This is combined with a conduction heat loss,

to reach some equilibrium mixture temperature (Figure 4-4).

In this case, if a short finite time period At is now considered then this mixing process

can be written as

QcondAt = AHhumid air + AHwater vapour (4'41)
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mass of water vapour
diffusing from droplets
in time At and at
temperature Ty

Figure 4-4: Mixing of humid air and diffusing water vapour

Since At is a very short time period there will be a very small change in the surrounding
air temperature AT,, and the mass of water vapour diffusing into the surrounding air

mass will also be very small, so
QeondAt = Mo Cp Ao, + —nAMGC,y yvap (Too — Ta) (4-42)

Where m,, and (., are the mass and specific heat capacity, respectively, of the
surrounding air in the plug. C; vap is the specific heat capacity of the water vapour alone

in the boundary layer surrounding each droplet. Taking the limit At — 0 in ( 4-42)

. dTOO dmd
Qcond = Moo (o0 T n_dt G

,wvap (Too - Td) (4-43)
Considering the heat conduction to a single droplet from equation ( 4-24), the heat

conduction from the surrounding air to all of the droplets will be
Qcond = —n2ndaki(Te, — Tg)Cy (4-44)

Substituting equation ( 4-44) into equation ( 4-43) and also substituting equation ( 4-16)
into equation ( 4-43); since dmy/dt = —m,, and rearranging gives an expression for the
rate of change of surrounding air temperature during the evaporation process in the
plug

dTo & Nmada(Te — Ta)

dt 2Cp00

ddg
(pddd Cp,wvap W - 4‘kah> (4-45)

Where &, = m,/m,, is the dryness fraction of the surrounding air in the plug.
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Thus, the following four equations represent the governing equations for the

evaporation of the mono-disperse water droplets into the air flowing along the conduit.

ddy 4D,M,, (Po
a_ 4Dw W<P__@>Cm (4-17)
dt  pgdgRy \Te, T4
ddg
dTy  12ki(Teo = Ta)Cp + 3padahrg =7 (4-30)
dt PadiCpa
dpe TR, Tw ) ddd)
TR —W(Pd dedd_t (4-38)
AT  &irNmadq(Teo — Tg) ddg

4.2.7 Initial and boundary conditions

As is normal for plug flow analysis there is no mass flow across the boundaries of the
plug. Additionally the boundaries of the plug are considered to be adiabatic. That s, no
heat flow through the conduit walls and no axial heat flow along the conduit. The
velocity profile within the conduit may cause the plug to deform a little as it travels along

the conduit but this will not significantly affect the boundary conditions.

The initial conditions for the model are the initial droplet diameters dg; and
temperatures T4; and the initial water vapour pressure p ;, temperature T, ; and total
pressure, po of the inlet air stream. The initial water vapour pressure p.; in the
surrounding air is determined from the initial relative humidity ¢ ; of that air. Since
the outlet of the conduit is open to atmosphere and flow rates are relatively low the
total pressure is assumed to be 101.325 kPa. Although the total pressure does not
appear in the equations it is used in the calculation of the various fluid and

thermodynamic properties where appropriate.

Different outcomes can occur depending on the initial relative masses of water and air
in the moving plug. If the relative mass of water is low enough, the evaporation process
described by these equations continues until all of the droplets completely evaporate
and the water content of the surrounding air reaches some final value (less than
saturation). In this case a ‘droplet lifetime’ or ‘evaporation distance’ can be determined,

that is: time or distance along conduit till the droplets completely evaporate. If the
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water to air ratio is higher, then equilibrium can be reached where the water vapour
concentration at the remaining droplet surfaces is in equilibrium with that in the
surrounding air and the water droplets are at the same temperature as the surrounding
air. In this latter case the droplets reach some final steady state size and an ‘equilibrium’

time or distance can be determined.

4.2.8 Method of solution and outputs

The governing differential equations with their initial and boundary conditions were
solved simultaneously using numerical differentiation formulae (NDF’s) and backward
differentiation formulae (BDF’s) typical of those used for solving ‘stiff’ sets of differential
equations [142]. This was implemented using MATLAB® software as per the flow chart
shown in Figure 4-5. Details of the MATLAB® code used for the mono-disperse droplet

evaporation model is given in Appendix 3.

Initially, the differential equations were solved using a Runge-Kutta method, also
implemented using MATLAB®, however, since this solution technique is not so suited to
‘stiff’ problems the solution times were very long. The numerical results from the ‘stiff’
solution technique were typically less than 1 % different from the Runge-Kutta results

and solution times were significantly shorter.

Fluid transport and thermodynamic properties were determined using two software
based property function libraries: LibHuAirProp and LibIF97. LibHuAirProp is the Library
of Psychrometric, Thermodynamic and Transport properties for Real Humid Air, Steam,
Water and Ice based on the ASHRAE Research Project RP-1485 [143]. LiblF97 is the
Library of water and steam properties, calculated from the industrial formulation
IAPWS-IF97 and all supplementary standards [144]. These libraries were utilized in the
numerical solution of the governing equations by determining all property values at each

time step of the numerical solution of the evaporation process.

The outputs from the mono-disperse model are matrices of the four dependant
variables, the droplet diameter dy, the droplet temperature T4, the water vapour
pressure in the surrounding air p., and the surrounding humid air temperature T, with

respect to time as the plug moves along the conduit.
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Figure 4-5 Flowchart for solution of governing equations - mono-disperse model

Assuming the plug does not deform significantly, the distance &L the plug has travelled
along the conduit for each time step in the solution can be calculated from the conduit

dimensions, the air (i.e., plug) velocity and air conditions during that time step
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0L = /lfplugAttime step (4-46)

If the conduit was a tube of diameter d,;,. then

muv.
Volug = 5377 (4-47)
ndtube/4

The air specific volume, v, is determined at the average temperature and humidity of
the air in that time step. Thus matrices of the four dependent variables with distance

along the conduit are also determined.

From these matrices of results, the amount of water evaporated over a certain time or
distance can be readily determined. This can then be used in comparison to the other
models and eventually to experimental data to quantify the effect of ultrasound on

water droplet evaporation.

4.2.9 Remarks - mono-disperse droplet evaporation model

In this section the governing equations for the evaporation process for mono-disperse
water droplets in air flowing along a conduit were developed from mass and energy
balances. The method used for solving these equations, using MATLAB®, was then

outlined.

An initial investigation and validation was carried out using the mono-disperse model
compared to overall mass and energy balances and also compared to another
theoretical model and experimental results reported in the literature. Results from the
mono-disperse model agreed well with results from the other sources and these are

described in detail in Chapters 5 and 6.

This mono-disperse model forms the basis for a more realistic poly-disperse droplet

evaporation model that is developed in the next section.

4.3 Evaporation model - Poly-disperse droplets

In this section the governing equations for the evaporation of the droplets into air as
they flow along the conduit are developed, as for the previous model, from mass and
energy balances for the water droplets and surrounding air in the plug. However, this
case assumes the more realistic situation where the droplet size distribution is poly-
disperse, meaning that the droplets are of varying sizes. The distribution of droplet sizes

is described in terms of a discrete distribution of % volume of water for a specified
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droplet diameter range, there being Nt droplet diameter ranges or ‘bins’ in the

distribution.

Similarly to the previous model, the mass and energy balances are based on the key
parameters in the evaporation process: droplet sizes dy j, droplet temperatures T j,
surrounding air humidity ¢ (in terms of the water vapour pressure p, ) and
surrounding air temperature T,and total pressure, p,. Where the subscript j refers to
the jth diameter range or bin in the droplet size distribution. With these parameters it
is possible to quantify the amount of water evaporated and quantify any changes to the
droplet size distribution along the conduit. The method used for solving these

equations, using MATLAB®, is also described.

4.3.1 Physical situation to be modelled

The physical situation to be modelled is the same as that for the mono-disperse model
described in the previous section with the exception that the droplets injected into the
air stream from the nebuliser are of varying sizes. The initial droplet size for the jth bin
in the droplet size distribution is dg ; ;. A representative thin plug or control mass of air
and water droplets is considered and droplets begin to evaporate into the surrounding
air in the plug as the plug moves along the conduit as shown in Figure 4-6, Figure 4-7

and Figure 4-8.

Input,
Vi @i Tajs ¢
—————— Output, 1= .4 T
[ ol ofrtid it td jf
Input, oplugs g droplet flow: k
air flow: I water : !
N | —>
A | droplets |
I"“and air ! Output, .
L ! air flow: Vaf @eafr Tons
L

- »
| |

Figure 4-6: Physical model of evaporation process - poly-disperse droplets
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Figure 4-7 Plug flow model - poly-disperse droplets

4.3.2 Assumptions

The assumptions for this poly-disperse model are substantially the same as those for the
mono-disperse model with the exception that assumptions 3, 6 and 7 are modified as

follows:

3. Thedroplets generated by the ultrasonic nebuliser vary in size (poly-disperse size
distribution) and can be described by a discrete size distribution in the size range
of 0.2 to 70 um.

6. Due to the assumptions of low droplet concentration, and no interactions with
conduit walls or other droplets, it is assumed therefore that droplets of a
particular initial size all behave uniformly.

7. Prior to complete evaporation the number concentration of the droplets in each

size range (bin) remains constant in the moving plug.

4.3.3 Droplet mass balance

Consider a system boundary that is located on the surface of a single water droplet in
the jth size range of the poly-disperse droplet size distribution (Figure 4-8). The
conservation of mass over a small time period dt in the plug for the droplet will be
identical to the mono-disperse case which is given in equation ( 4-1). For the

evaporating water droplet, the first term in that equation is zero and therefore
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. dmd‘j
- mwlj = T (4-48)

Which is similar to equation ( 4-2) for the mono-disperse case.

i

Figure 4-8 Mass and heat flows during evaporation

The droplet mass balance analysis for the poly-disperse case is similar to that for the
mono-disperse case. Following that analysis, but applied to the poly-disperse case, an
expression is derived for the rate of change of droplet diameter, for the jth droplet size
in the distribution, during the evaporation process.

dt pd,jdd,jRu Too Td,j m.J

(4-49)

Which is similar to equation ( 4-17). As for the mono-disperse case there is an increase
in the vapour pressure at the curved droplet surface due to the Kelvin effect and this is
expressed in equation ( 4-18) and is used to determine water vapour pressure pg ; in

equation ( 4-49).

4.3.4 Droplet energy balance

The energy balance for the droplet in Figure 4-8 over a small time period dt will be
identical to the mono-disperse case which is given in equation ( 4-19). Assuming the
surrounding air in the plug, some distance from the droplet, is at a higher temperature
than the water droplet then the energy flow is into the droplet and is by heat
conduction, Qcond,j. The energy flow out of the droplet is the latent energy associated

with the water evaporating from the droplet, Eout_j. The energy change of the droplet
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is the change in enthalpy of the droplet, dHy ;. Thus equation ( 4-19) for a droplet in the

jth size range becomes

de,j

Qcond,j - Eout,j = dt (4-50)

Which is similar to equation ( 4-20). The droplet energy balance analysis for the poly-
disperse case is similar to that for the mono-disperse case. Following that analysis, but
applied to the poly-disperse case, an expression is derived for the rate of change of
droplet temperature during the evaporation process for the jth droplet size in the

distribution in the plug

ddg ;
dTy;  12kgj(Teo = Ta ;) Ch,j + 3pada,heg; —77

(4-51)
dt Pa,jd3 Cpa,j

Which is similar to equation ( 4-30).

4.3.5 Surrounding air mass balance

The mass balance for the region occupied by the surrounding air in the plug (see Figure
4-7) is the same as for the mono-disperse case which is given in equation ( 4-31). The
mass of dry air in the plug remains constant during the evaporation process and the
mass flowing into the region occupied by the surrounding air in the plug is in the form
of water vapour only (from all of the droplets) so that the mass balance is really a water
balance. Furthermore, there is no mass flow out of the region occupied by the

surrounding air. Applying this to equation ( 4-31) for all of the droplets in the plug gives

Nt

) dmy o
> (i) = =% (4-52)
j=1

Where Nt is the number of bins (droplet size ranges) in the droplet size distribution, and
n; is the number of droplets in the jth size range. The surrounding air mass balance
analysis for the poly-disperse case is similar to that for the mono-disperse case.
Following that analysis, but applied to the poly-disperse case, an expression is derived
for the rate of change of water vapour pressure in the surrounding air during the

evaporation process in the plug

Nt
dpoo T[RuToo ddd i
= d2 NS (4-53)
dt 2vaaZ <p dj%d,jmdj = gy
J:
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Where Np,q ; = n;/m,, which is the number droplet concentration, i.e., number of
droplets in the jth size range per kg of dry air in the plug. This number droplet
concentration can also be expressed in terms of the input air and water flow rates to the
conduit. If Vi, ;; is the volume flow rate of the jth sized water droplets at the point of
injection into the conduit and m, is the mass flow rate of dry air in the conduit then for

the plug

VW,j.i/(T[dg,j,i/6)
Npngj =

(4-54)

m,
4.3.6 Surrounding air energy balance

The energy balance for the region occupied by the surrounding air in the plug (see Figure
4-7) is the same as that for the mono-disperse case which is given in equation ( 4-40).
Assuming that the conduit walls containing the air/water droplet mixture are adiabatic
and considering the plug as a closed system then this energy balance can also be
considered as the constant pressure mixing of the humid surrounding air with the water
vapour diffusing in to it from the droplets. This is combined with a conduction heat loss,
to reach some equilibrium mixture temperature (Figure 4-4). As for the mono-disperse
case, if a short finite time period At is now considered then this mixing process can be

written as equation ( 4-41) and is repeated here

QcondAt = AHpymid air T AHwater vapour (4-41)

Since At is a very short time period there will be a very small change in the surrounding
air temperature AT, and the mass of water vapour diffusing into the surrounding air

mass will also be very small, so

Nt
QeondAt = Mooy oA Too + Z ~1;AMy ;i Cy yvap i (Too = Ta ) (4-55)
j=1
And taking the limit At - 0
Nt
. dToo dmd’j
Qeond = Moo Cp o0 dt + z [_nj “dt Co.wvap,j (Too - Td,j)] (4-56)
j=1

The surrounding air energy balance analysis for the poly-disperse case is similar to that

for the mono-disperse case. Following that analysis, but applied to the poly-disperse
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case, an expression is derived for the rate of change of surrounding air temperature

during the evaporation process in the plug

dT, T7é, ddg,;
- 2C ZI md]de(T de)<pd1dd1CpWVapJ dt]

)

Thus, the following equations represent the governing equations for the evaporation of

(4-57)

the poly-disperse water droplets into the air flowing along the conduit. The number of
discrete droplet sizes in the droplet size distribution is Nt, thus there are a total of

2Nt + 2 ordinary differential equations to solve.

ddy; 4Dy My (P :
dj _ *Pw,jMw <p_ _ &) Crn,j ( 4-49)
dt pd,jdd,jRu Too Td,j
ddg;
dTq; 12k j(Teo = Ta j)Cn j + 3Pa,da jhegj —77~ (4-51)
dt Pa,jdG,;Coa,j
Nt
APo R Ty ddd;
dt _ZvaaZ (pdfddf mdj =g (4-53)
]=
dTOO T[foo ddd,j
dt - Zl md]dd](T Td]) <pdjddj p,wvap,j dt
(4-57)

)

4.3.7 Initial and boundary conditions

The initial and boundary conditions for the poly-disperse case will be the same as for the
mono-disperse case explained in section 4.2.7. Thus there is no mass or heat flow across
the boundaries of the plug. The initial conditions for the model are the initial droplet
sizes dgj; and temperatures Ty ;; and the initial water vapour pressure po; ,
temperature T,,; and total pressure p, of the inlet air stream. It is assumed that the
initial temperatures of all the different sizes of droplets are the same. The initial water
vapour pressure po; in the surrounding air is determined from the initial relative
humidity ¢ ; of that air. Since the outlet of the conduit is open to atmosphere and flow

70



rates are relatively low the total pressure is assumed to be 101.325 kPa. Although the
total pressure does not appear in the equations it is used in the calculation of the various

fluid and thermodynamic properties where appropriate.

As for the mono-disperse case, different outcomes can occur depending on the initial
relative masses of water and air in the moving plug. If the relative mass of water is low
enough the evaporation process described by these equations continues until all of the
droplets completely evaporate and the water content of the surrounding air reaches
some final value (less than saturation). The smaller droplets will completely evaporate
more quickly than the larger droplets and a ‘droplet lifetime’ or ‘evaporation distance’
can be determined for each initial droplet size in the droplet size distribution, i.e., the
time or distance along conduit till that initial droplet size completely evaporates. If the
water to air ratio is higher, then equilibrium can be reached where the water vapour
concentration at the remaining droplet surfaces is in equilibrium with that in the
surrounding air and the water droplets are at the same temperature as the surrounding
air. In this latter case the droplets reach some final steady state size and an ‘equilibrium’
time or distance can be determined. Also in this latter case it is possible for some of the
smaller initial droplet sizes to completely evaporate prior to equilibrium being reached

and for these droplets a ‘droplet lifetime’ and ‘evaporation distance’ can be determined.

4.3.8 Method of solution and outputs

As for the mono-disperse model the governing differential equations with their initial
and boundary conditions were solved simultaneously using numerical differentiation
formulae (NDF’s) and backward differentiation formulae (BDF’s) typical of those used
for solving ‘stiff’ sets of differential equations. This was implemented using MATLAB®
software as per the flow chart shown in Figure 4-9. Details of the MATLAB® code used

for the poly-disperse droplet evaporation model is given in Appendix 3.

As for the mono-disperse model, fluid transport and thermodynamic properties were
determined using two software based property function libraries: LibHuAirProp and
LibIF97. These libraries were utilized in the numerical solution of the governing
equations by determining all property values at each time step of the numerical solution

of the evaporation process (Figure 4-9).
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The outputs from the poly-disperse model are matrices of the dependant variables, the
droplet diameters dgy ; and temperatures Ty ;for each droplet size in the droplet size
distribution, the water vapour pressure in the surrounding air p,, and the surrounding

humid air temperature T,,, with respect to time as the plug moves along the conduit.

Matrices of the dependent variables with respect to distance along the conduit can be
determined using equations ( 4-46) and ( 4-47) as described in section 4.2.8 for the

mono-disperse model.

From these matrices of results, the amount of water evaporated and changes to the
droplet size distribution over a certain time or distance can be readily determined.
These can then be used in comparison to the other models and to experimental data to

(ultimately) quantify the effect of ultrasound on water droplet evaporation.

4.3.9 Remarks - poly-disperse droplet evaporation model

In this section the governing equations for the evaporation process for poly-disperse
water droplets in air flowing along a conduit were developed from mass and energy
balances. The method used for solving these equations, using MATLAB®, was then
outlined. An investigation was carried out to validate and explore droplet evaporation

using the poly-disperse model and this is detailed in Chapter 5.

This poly-disperse model forms the basis for a droplet evaporation model that
incorporates the application of an ultrasound field to the air and droplet mixture, to

enhance the evaporation process, and is detailed in the next section.

4.4 Evaporation model - Ultrasound - Poly-disperse droplets

This study investigates the effect of an ultrasound field on water droplet evaporation,
with the goal of accelerating the evaporation of the droplets. In Chapter 3 it was
proposed that the most likely mechanism for the acceleration of that evaporation
process using ultrasound would be the enhancement of the normal heat and mass
transfer processes that occur during normal droplet evaporation. Thus, in this section a
theoretical formulation of the proposed ultrasound enhanced droplet evaporation
process, based on convection heat and mass transfer processes, rather than conduction

processes is described.

Since the droplets are considered to be poly-disperse the distribution of droplet sizes is

described in terms of a discrete distribution of % volume of water for a specified droplet
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diameter range, there being Nt droplet diameter ranges or ‘bins’ in the distribution, as
for the previous poly-disperse model. The goal, again, is to develop equations for the
key parameters in the ultrasound enhanced evaporation process. This includes those
parameters used in the previous models: droplet size dg j, droplet temperature T ;,
surrounding air humidity ¢ (i.e., vapour pressure py,) and surrounding air temperature
T.. This now also includes parameters that describe the imposed ultrasound field: the
ultrasound frequency, w and the ultrasound amplitude (in terms of the sound pressure
level or SPL). With these parameters it is possible to quantify the amount of water
evaporated and quantify any changes to the droplet size distribution along the conduit
and investigate their relationship to the imposed ultrasound field. The implementation

of the model in MATLAB® is also outlined.

To our knowledge this is the first time that a model has been developed to describe the
enhancing effect of an ultrasound field on the evaporation of many micro-droplets into

air flowing along a conduit.

4.4.1 Physical situation to be modelled

The physical situation for the ultrasound enhanced evaporation model is substantially
the same as the normal poly-disperse evaporation model in that it consists of an air
stream flowing along a conduit at flow rate I'/a,i, temperature Ty, ; and relative humidity
¢, An ultrasonic nebuliser attached to the conduit injects droplets into the air stream
at a flow rate of Vw’i and uniform temperature Ty;. However the section of tube
downstream of the nebuliser is replaced by a cylindrical radiator driven by an ultrasonic
transducer that creates a high intensity ultrasonic field through which the air and

droplets flow (Figure 4-10).

A representative thin plug or control mass of air and water droplets is considered and
droplets begin to evaporate into the surrounding air in the plug as the plug moves along

inside the cylindrical radiator and through the imposed ultrasound field (Figure 4-11)

74



cylindrical

Input, U/S radiator
trwater flow: nebulizer transducer
it d’:L;,'u TliJ,i | !
¢ ————— | Y output, 4.
Input, |plug: droplet flow; ™+ 84 Tait
air flow: I water ! .
. E— | [ —
Vair @oe o Ton s | droplets | Output, .
:_ fn_d_alr_: \ air flow: VE,EJ gb:o,fi TI',E
L
|: - ultrasound

field

Figure 4-10: Physical model of evaporation process - ultrasound enhanced

¢ wall of cylindrical radiator

\ A . A\
) 4 )

| |
ultrasound ; plug : surrounding air
field e) [
T.,m
I p:\DJ wor oo
> | /
B I I
k | |
"t;E-' [ O ——® g
| |
1 I | water droplet
EEOSEU ) IR P
| | dg s, Taz.Ma;
|
|
|

g

=
-~

A
\

wall of cylindrical radiator

Figure 4-11 Plug flow model - poly-disperse droplets + ultrasound

4.4.2 Assumptions
The assumptions for the ultrasound enhanced evaporation model will be substantially
the same as for the normal poly disperse evaporation model as per sections 4.2.2 and

4.3.2. However, with these additional assumptions regarding the imposed ultrasound

field.

1. The ultrasound field has little heating effect on the air and droplets, so that the
main effect of the ultrasound is to enhance the mass and heat transport

processes occurring in the plug.
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2. The magnitude of the air particle oscillation, due to the ultrasound field, is
assumed to be large relative to the water droplet diameter, i.e., a small Strouhal
number. Thus the air flow around each droplet can be considered to be quasi-

steady [115].

4.4.3 Droplet mass balance

Consider a system boundary that is located on the surface of a single water droplet in
the jth size range of the poly-disperse droplet size distribution (Figure 4-12). The
conservation of mass over a small time period dt in the plug for the droplet will be
identical to the mono-disperse and poly-disperse cases which is given in equation ( 4-1).
Ignoring the first term in that equation for an evaporating droplet this can be written as

dmd,j

— (4-58)

—My,j =

In this case, the mass flow rate of water vapour from the droplet surface to the
surrounding air is now assumed to be convection dominated due to the imposed
ultrasound field. Thus, considering equation ( 4-58) and writing the mass flow in terms

of mass convection [140], then

Ty, j = hu jAd i (Pwsj — Pww) (4-59)

Where hy jis the convection mass transfer coefficient for the droplets in the jth size
range as a result of the imposed ultrasound field, Aq; is the surface area of a single
droplet in the jth size range, p,, ¢ ; is the partial density of water vapour at the surface
of a droplet in the jth size range and p,, ., is the partial density of water vapour in the

air surrounding the droplets in the plug.

It was discussed in section 4.2.3 that, during evaporation, when the droplets become
very small the non-continuum effect of the surrounding gas must be allowed for in
determination of the evaporation rate. This was achieved using the correction factors
stated in equations ( 4-6) and ( 4-7). These factors also apply in the case of convective

evaporation [49, 56]. The mass flux correction factor for the poly-disperse case is

1+ Knm,j

ij =
' 4 4 ) (4-60)
1+ <_3am,j + 0.377) Kn, ; + _3am,j Knyp, ;
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And the heat flux correction factor for the poly-disperse case is

G, = . 1+ Kny; .
1+ (Bah‘j + 0.377) Kny, ; + %Knﬁj (4-61)
Thus equation ( 4-59) becomes
M, j = hwjAaj(Pwsj = Pweo)Cim j (4-62)

From equations ( 4-10) and ( 4-12) the partial densities in this equation can be written

generally as

pwM,,
R,T,

P = (4-63)

A spherical droplet has a surface area A j = ndﬁ_j and also substituting equation ( 4-63)

into equation ( 4-62) gives

hy imd3 :M,, i Poo
_ Mm%, w <@ - p—> Con j (4-64)

M . =

W R, Ta; To
Now, the rate of change of mass of an individual water droplet ( 4-58) is the same as in
the normal evaporation case ( 4-16) but here written for poly-disperse droplets.

2
dmd,j _ Pd,j”dd,j ddd,j

4-65
dt 2 dt ( )

Thus, substituting equations ( 4-65) and ( 4-64) into equation ( 4-58) and rearranging
gives an expression for the rate of change of droplet diameter, for the jth droplet size
in the distribution, during the ultrasound enhanced evaporation process
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ddg; 2hy My (D ,
e W<p——@> Cn,j (4-66)

dt pd,jRu Too Td,j
For the curved droplet surfaces there is an increase in vapour pressure due to the Kelvin
effect [139] as given in equation ( 4-18) and this is used to determine the partial water

vapour pressure pq ; in equation ( 4-66).

It is assumed that the oscillating flow around the droplets is quasi-steady so the
convection mass transfer coefficient, hy; can be determined from steady flow
correlations for convective mass transfer [115]. Modifying the correlation first

developed by Ranz and Marshall [58] using the oscillating Reynolds Number gives

Sh; = 2+ 0.552 R,/ Sc;”° (4-67)

0sC,j

Where Scis the Schmidt number and

/Vdd,j
Reosc,j =

" (4-68)

Where v = velocity amplitude of the ultrasound field and v = the kinematic viscosity of
the air. Thus from the Sherwood number [140] the convective mass transfer coefficient
is

_ Sh; Dy, ;

= (4-69)
M,] ddlj

4.4.4 Droplet energy balance

The energy balance for the droplet in Figure 4-12 over a small time period dt will be
identical to the mono-disperse and poly-disperse cases which is given in equation (
4-19). Assuming the surrounding air in the plug, some distance from the droplet, is at a
higher temperature than the water droplet then the energy flow into the droplet, in this
case, is by heat convection from the surrounding air, Qcom,,j. The energy flow out of the
droplet is the latent energy associated with the water evaporating from the droplet

Eouj- The energy change of the droplet is the change in enthalpy of the droplet, dHg ;.

Thus equation ( 4-19) for a droplet in the jth size range is

de,j

Qconv,j - Eout,j = dt (4-70)
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Considering equation ( 4-70), the rate of heat convection from the air to a single droplet
in the jth size range, and applying the non-continuum heat flux correction factor ( 4-61),

it can be written as [140],

Qconvj = hu jAqj(Teo — Taj)Chj (4-71)

Where hy jis the convection heat transfer coefficient for the droplets in the jth size
range as a result of the imposed ultrasound field. Also, the surface area for a spherical

droplet Ay ; = mdg ; so

Qconv,j = hijd3 ;(Teo — Ta ;) Ch s (4-72)

Now, the latent energy removed from the droplet in the form of a vapour flow ( 4-70),

assuming the vapour is saturated at the droplet surface, is given by
Eout,j = Thw_jhg_j (4-73)

where hg jis the enthalpy of the saturated water vapour at Ty j. Combining equations (
4-58) and ( 4-65) into ( 4-73) gives

_ pd,jndg,j ddd,j

2 dt 9 (474)

Eout,j =

Now the rate of change of energy (enthalpy) of a liquid droplet ( 4-70), can be written

as

de,j _ d(md,jhd,j) _
dt — dt

dmg dhg j
L my (4-75)

Now, substituting equations ( 4-75), ( 4-74) and ( 4-72) into the energy balance equation,

(4-70) and simplifying gives

ddg ;
dhd,j 3 6hH,j(Too - Td,j)ch,]' + 3pd,j(hg,j - hd,j) dt : (4-76)

dt pd,jdd,j

Over a small temperature change, the enthalpy of a liquid can be closely approximated

[141] as
dhgj = Cpq;dTa; (4-77)

Where C, 4 j is the specific heat capacity of the water in a droplet in the jth size range.

Also, the specific enthalpy hy ; is approximately equal to the specific enthalpy of the
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saturated liquid hs; at the droplet temperature Ty;, so the term (hg,j —hd,j) in
equation ( 4-76) can be written as the enthalpy of vaporisation hg ;. Thus substituting
this simplification and equation ( 4-77) into equation ( 4-76) gives an expression for the
rate of change of droplet temperature during the ultrasound enhanced evaporation

process for the jth droplet size in the distribution in the plug

ddg;
dT,;  6hu(Teo = Ta,;)Chj + 3paheg; —77

dt pd,jdd,ij,d_j

(4-78)

As mentioned in section 4.4.3 it is assumed that the oscillating flow around the droplets
is quasi-steady so the convection heat transfer coefficient, hy ; can be determined from
steady flow correlations for convective heat transfer. Modifying the correlation first

developed by Ranz and Marshall [58] using the oscillating Reynolds Number ( 4-68).

/2 ppl/3 (4-79)

0osc,j © J

Nu; =2+ 0.552 Re

and from the Nusselt number the convective heat transfer coefficient is

Nu]'kd,j
Hj =~ 5
dd,j

(4-80)
4.4.5 Surrounding air mass balance

The mass balance for the region occupied by the surrounding air in the plug (Figure 4-11)
is the same as for the mono-disperse and poly-disperse cases which is given in equation
(4-31). And the derivation of the governing equation based on the surrounding air mass
balance is also the same as that for the poly-disperse droplet case, described in section

4.3.5. Thus equation ( 4-53) applies and is rewritten here for completeness

Nt

dpoo TL'RuTo0 2 ddd]
- _ d2 N —L .
dt ZMWUaZ <p add jNmaj =7 (4-53)

j=1

Where Ny, q ; is given by equation ( 4-54).

4.4.6 Surrounding air energy balance

The energy balance for the region occupied by the surrounding air in the plug (Figure
4-11) is the same as that for the mono-disperse case which is given in equation ( 4-40).
Again, assuming that the conduit walls containing the air/water droplet mixture are

adiabatic and considering the plug as a closed system then this energy balance can also
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be considered as the constant pressure mixing of the humid surrounding air with the
water vapour convection diffusing into it from the droplets. This is combined with a

convection heat loss, to reach some equilibrium mixture temperature (Figure 4-13).

total mass of dry air
and mass of water vapour in

surrounding humid air,
all at temperature T,
\\//I Mix together at
constant pressure
(with a convection >
heat loss in time At
to the droplets)

total mass of dry air and
new mass of water vapour
in surrounding humid air, all
at new temperature, T’

mass of water vapour

convection diffusing from
droplets

in time At and at

temperature Ty

Figure 4-13: Mixing of humid air and diffusing water vapour - ultrasound case

In this case, if a short finite time period At is now considered then this mixing process

can be written as

QconvAt = AHhumid air + AHwater vapour (4'81)

Since At is a very short time period there will be a very small change in the surrounding
air temperature AT, and the mass of water vapour convection diffusing into the

surrounding air mass will also be very small, so

Nt
QCOHVAt = Moo Cp, AT + 1AMy ;G vvap,j (Too - Td,j) (4-82)
j=1
Taking the limit At - 0
N
. dToo : dmd’j
Qeonv = Moo Cp, 0 dt + z [_nj “dt Co.wvap,j (Too - Td,j)] (4-83)
=1

Considering the heat convection from the surrounding air to all of the droplets, then

from equation ( 4-72)
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Nt

Qeony = — Z[njhﬂ,jndczl,j (Too — Ty j)Cn )] (4-84)
=

Substituting equation ( 4-84) into equation ( 4-83) and also substituting equation ( 4-65)
into equation ( 4-83); since dmy j/dt = —m,, ; and rearranging gives an expression for
the rate of change of surrounding air temperature during the ultrasound enhanced

evaporation process in the plug

dT., 7'[foo dd
W = z md]dd](T de) pd] p,wvap,j d 2hH] (4-85)

Where Np,q; = n;/m, as before and m,/m, = ¢, is the dryness fraction of the

surrounding air in the plug.

Thus, the following equations represent the governing equations for the evaporation of
the poly-disperse water droplets into the air flowing along the conduit with an imposed
ultrasound field. The number of discrete droplet sizes in the droplet size distribution is

Nt, thus there are a total of 2Nt + 2 ordinary differential equations to solve.

dj _ m;M Po _Pdj Cmnj (4-66)
dt pajRy \Two Taj) ™
ddg,;
dTy _ 6hy,j (Too - Td,j)Ch,j + 3pa,jhg j dt] (4-78)
dt Pd,jd,;Cp,d,j
Nt
dPo TR, Ty ddd]
dt = —ZManZI<pdjdd] md,j ~ 3, dt (4-53)
]:

dT,., ¢ ddg;
W— Z md]dd](T Td}) pd] p,wvap,j dt 2hH] (4'85)

4.4.7 Initial and boundary conditions

The initial and boundary conditions for the ultrasound enhanced case will be the same
as for the poly-disperse case explained in section 4.3.7. Thus there is no mass or heat
flow across the boundaries of the plug. The initial conditions for the model are the initial

droplet sizes dg j; and temperatures Ty ;; and the initial water vapour pressure pe, ;,
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temperature T,,; and total pressure p, of the inlet air stream. It is assumed that the
initial temperatures of all the different sizes of droplets are the same. The initial water
vapour pressure P, in the surrounding air is determined from the initial relative
humidity ¢ ; of that air. As in the previous models, since the outlet of the conduit is
open to atmosphere and flow rates are relatively low the total pressure, p, is assumed
to be 101.325 kPa. Although the total pressure does not appear in the equations it is
used in the calculation of the various fluid and thermodynamic properties where

appropriate.

4.4.8 Method of solution and outputs

As for the poly-disperse model the governing differential equations with their initial and
boundary conditions were solved simultaneously using numerical differentiation
formulae (NDF’s) and backward differentiation formulae (BDF’s) typical of those used
for solving ‘stiff’ sets of differential equations. This was implemented using MATLAB®
software as per the flow chart shown in Figure 4-14. Details of the MATLAB® code used

for the ultrasound enhanced droplet evaporation model is given in Appendix 3.

As for the poly-disperse model, fluid transport and thermodynamic properties were
determined using two software based property function libraries: LibHuAirProp and
LibIF97. These libraries were utilized in the numerical solution of the governing
equations by determining all property values at each time step of the numerical solution

of the evaporation process (Figure 4-14).

The outputs from the ultrasound enhanced model are matrices of the dependant
variables, the droplet diameters d, ; and temperatures Ty jfor each droplet size in the
droplet size distribution, the water vapour pressure in the surrounding air p,, and the
surrounding humid air temperature T,,, with respect to time as the plug moves along

the conduit.

Matrices of the dependent variables with respect to distance along the conduit can be
determined using equations ( 4-46) and ( 4-47) as described in section 4.2.8 for the

mono-disperse and poly-disperse models model.
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From these matrices of results, the amount of water evaporated and changes to the
droplet size distribution over a certain time or distance can be readily determined.
These can then be used in comparison to the other models and to experimental data to

quantify the effect of ultrasound on water droplet evaporation.

In the same way as for the other models, the amount of water evaporated and changes
to the droplet size distribution over a certain time or distance can be readily determined
from these matrices of results. These can then be used in comparison to the other
models and to experimental data to quantify the effect of the ultrasound field on water

droplet evaporation.

4.4.9 Remarks - ultrasound enhanced evaporation model

In this section the governing equations for the ultrasound enhanced evaporation
process for poly-disperse water droplets in air flowing along a conduit were developed
from mass and energy balances. The method used for solving these equations, using

MATLAB®, was then outlined.

An investigation was carried out to explore ultrasound enhanced droplet evaporation

using this model along with experimental data and is detailed in Chapter 5.

4.5 Closure - theoretical formulation

In this chapter the following theoretical models were developed to describe the droplet

evaporation process for a droplet and air mixture flowing along a conduit.

e Mono-disperse droplet distribution
e Poly-disperse droplet distribution

e Ultrasound enhanced evaporation

These models will be used to generate results for comparison with results from the
experimental investigation. Together they will be used in the investigation,
guantification and understanding of the enhancement of droplet evaporation due to an

imposed ultrasound field.

Although the mono-disperse and poly-disperse droplet evaporation models have
previously been described for general situations [51], nevertheless in this thesis they are

developed specifically for a droplet and air mixture flowing along a conduit as is found
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in medical respiratory devices. To the best of our knowledge the ultrasound enhanced

evaporation model is developed for the first time in this thesis.
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Chapter 5 - Experimental Investigation

5.1 Introduction

The experimental investigation detailed in this chapter focusses on determining the
effect of the ultrasound field on the evaporation of water droplets into air as they flow
along a conduit. In the previous chapter theoretical models were developed for this
same purpose. To validate those models as well as to compare the theoretical results
with practical values an experimental investigation has to be carried out. Thus this
chapter has a two-fold experimental purpose: Firstly it investigates the rate of
evaporation from water droplets under normal conditions. In principle this part
validates the mono-disperse and poly-disperse models developed in the previous
chapter. Secondly, it investigates changes in the rate of evaporation produced by the
addition of an ultrasound field. As stated in the previous chapter, some of the inputs
and boundary conditions for the models developed must be determined in advance.
This is achieved in this chapter as various variables are measured and considered as
inputs to the theoretical model. This gives terms of reference for comparing the

theoretical and experimental results.

This chapter presents the methodology, experimental apparatus and sample results
obtained in this work. The detailed experimental results for both normal and ultrasound
enhanced evaporation can be found in Chapter 6 along with comparative results from

the theoretical models.

5.2 Initial investigation - Mono-disperse droplet evaporation

As detailed in Chapter 4 the initial model that was developed assumed a mono-disperse
droplet distribution. Since practical nebulisers do not generate truly mono-disperse
droplet distributions, there are limitations in validating this model experimentally.
However it is possible to compare outputs from the theoretical model with overall mass

and energy balances and with appropriate experimental data from the literature.

The overall mass and energy balances were developed to give the final values of the four
dependant variables dg, Ty, pwo(0r ¢s) and T,,, once steady state conditions had been
achieved i.e., equilibrium reached or all the droplets had evaporated, for a given set of

initial and operating conditions.
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Considering the conduit as the thermodynamic system then the overall mass balance
will consider both air and water flowing through the conduit. The mass flow of dry air

will remain constant through the system, that is
ma,inlet = ma,outlet = ma (5-1)

Where m, is the mass flow rate of dry air along the conduit.

The overall water mass balance consists of equating the total water entering the
conduit with the total water leaving the conduit, assuming no holdup of water inside the

conduit. Thus
mw,inlet + maWOO, inlet = mw,outlet + maWOO, outlet ( 5-2)

Where m,, injer and my, ouie are the inlet and outlet mass flow rate of water droplets
respectively, and W, inlet aNd Wo, outier are the specific humidities of the inlet and outlet
air respectively. The overall energy balance, assuming adiabatic boundaries (conduit
walls), consists of equating the total energy of the water and air entering the conduit

with the total energy of the water (if any) and air leaving the conduit.

mw,inlethw,inlet + maha,inlet = mw,outlethw,outlet + maha,outlet ( 5_3)

Where hyiner and hy, ouner are the inlet and outlet specific enthalpies of the water
droplets respectively and h, jnier and hy oueer are the inlet and outlet specific enthalpies

of the air respectively.

The focus of this work is on the evaporation of the water droplets so the values of dg,
T4, PooloOr ¢ ) and T,, were determined from these equations and then compared to the
values determined from the theoretical mono-disperse evaporation model for the same

initial and boundary conditions.

In other droplet evaporation research [59] a mono-disperse model has been developed
and compared to experimental results. In that case the input and output droplet
distributions in the experimental results, although poly-disperse, have been described
in terms of a single droplet size (the MMAD or Dv50). Thus their results would be

suitable for comparison with results from the mono-disperse model in this work.
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The results from the mass and energy balance comparisons along with a comparison of

the model with relevant experimental data from the literature is detailed in Chapter 6.

5.3 Experimental design
In this section the aims of the experimental investigation and overall design of the
experimental set-up are detailed. The actual apparatus and procedures used are

described in subsequent sections.

5.3.1 Experimental aims
To achieve the overall aims of the investigation, as detailed in Chapters 1 - 3, the

following experimental stages need to be carried out.
Over a fixed distance of conduit (effectively the outlet of the conduit):

e Determine the amount of water evaporation and changes to the droplet size
distribution for the normal evaporation of droplets for a set of initial and
boundary conditions.

e Determine the comparative amount of water evaporation and changes to the
droplet size distribution for the ultrasound enhanced evaporation of droplets

for the same initial and boundary conditions.

An ultrasound enhancement in evaporation rates may affect specific droplet size ranges
and this would manifest as changes in the outlet water droplet size distribution. Thus it
may be possible to measure or quantify the improvement in evaporation as a result of

the imposed ultrasound field for different droplet size ranges.

For the ultrasound enhanced experimental stage it would be ideal if the apparatus
enabled the investigation of the effect of frequency and amplitude of the ultrasound

field on the evaporation process.

Furthermore equivalent results would be generated from the theoretical evaporation
models (same initial and boundary conditions as the experimental cases) for additional

comparison purposes.

5.3.2 Experimental parameters
The experimental parameters that needed to be measured in these trials were
determined from the theoretical formulation of the evaporation process described in
Chapter 4. These are listed in Table 5-1.
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It was assumed that the total pressure in the conduit, p, was approximately constant at

101.325 kPa.
Table 5-1: Experimental Parameters

Parameter Symbol
AIR PROPERTIES
Air flow rate Vv,
Air temperature T
Air relative humidity (water vapour pressure) Do (Do)
Total pressure Do
WATER DROPLET PROPERTIES
Water droplet size distribution dy;
Water droplet flow rate V.
Water droplet temperature Ty4
CONDUIT PROPERTIES
Size (cross sectional area, diameter) diube
Length L
Thermal properties adiabatic
ULTRASOUND FIELD
Frequency w
Amplitude SPL

Thus it was necessary in the design of the experiments that these parameters be
measured and a decision made as to which parameters be varied (and which held
constant) to achieve the aims of the investigation. The initial and boundary conditions

for the theoretical models could also be determined from these parameters.

5.3.3 Variation of parameters

To quantify the effect of the ultrasound field on the evaporation rate of the water
droplets the primary measurements would be the change in mass flow rate of the water
droplets along the conduit. It would be possible to measure the mass flow rate of water
droplets from the nebuliser (and this would be the inlet water mass flow rate) but it
would be difficult to measure the mass flow rate of water droplets at some distance

90



along the conduit. Alternatively, the surrounding air properties (temperature and RH)
at some distance along the conduit could be measured and would enable the
evaporation rate to be determined. Measurement of the changes in the droplet size
distribution would also give additional insight to how the ultrasound field affected the

evaporation of the different droplet sizes.

Since this was a new application of an ultrasound field and the focus of the investigation
was to quantify the effect of the ultrasound field on the evaporation process it was
decided to vary a few key parameters only: the ultrasound field parameters (frequency
and amplitude), the ratio of water droplets to air flowing through the conduit and the
inlet air temperature. Future studies could investigate the effect of the other

parameters on the enhancement in evaporation.

Air and water inlet temperatures would be mainly used at ambient conditions as this is
typically what is found in medical respiratory equipment. Having the ability to vary the
air temperature would give an additional understanding of the evaporation process. The
inlet air relative humidity would be set at a low value (say around 10%) to maximise the
amount of water droplet evaporation and minimise measurement errors. Each of these
parameters (air temperature and RH, water temperature) would not be controlled but

measured for each experiment.

Typically the ultrasonic nebulisers used in respiratory equipment do not allow for the
flow rate and droplet size distribution to be altered. Normally these parameters would
remain fairly constant for a given brand and model of nebuliser but may change with
extended use or as a result of abnormal ambient conditions. Flow rate and size

distribution would need to be measured for each experimental run.

Changes in the water droplet to air ratio would be achieved by varying the air flow rate

through the conduit.

The conduit used in respiratory equipment is typically made of plastic and tubular in
shape with a diameter range of 15 mm to 25 mm. Thus, polycarbonate tube of 22 mm

ID was selected to be used in this experimental work.

The frequency and amplitude of the imposed ultrasound field would be determined by

suitable equipment and instrumentation being available.
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The first experimental investigation was carried out for the normal evaporation of water
droplets into air in the conduit. The methodology and apparatus for this investigation is

described in the next section.

5.4 Experimental apparatus - normal evaporation
To achieve the experimental design requirements detailed in the previous section for
normal droplet evaporation trials, the apparatus in Table 5-2 was set up as per the flow

schematic, Figure 5-1 and equipment layout Figure 5-2.

Aeroneb f

onet | evaporation length, L
nebulisation - >
controller
‘/C(D Spraytec
ultrasonic water (droplet size
= nebuliser ‘ distribution)
| =
©
§ [ ﬁ [:!:] ) flow air
§ meter heater | /
Q.
§ flow tube  —
© air air
Temp, Temp,
R RH

o b oo

Figure 5-1: Flow schematic - normal evaporation

Figure 5-2: Layout of experimental apparatus - normal evaporation (air heater not
shown)
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5.4.1 List of apparatus

The list of apparatus used in the experimental trials for normal evaporation is given in

Table 5-2

Table 5-2: List of apparatus - normal evaporation

Item

Description

Details

®@ @ ©@ © ® O © 6

©

®

@)

air supply, filter
regulator

needle valve

air flow meter

air heater

water nebulisation
transducer and
controller

Inlet water
temperature sensor

inlet air temperature
and RH sensor

flow tube

outlet air temperature
and RH sensor

droplet size
distribution
measurement

mass balance

Existing air supply. B72G Filter/Regulator, F72G
5 micron filter. Norgren Ltd, NZ.

TC1000C2800 Flow regulator, 1/4", BSP.
Norgren, NZ.

CMOSens® EM1 Mass flow meter for gases.
Model No. EM1NV4R0V_1A suitable for 0 — 200
I/min. Sensirion AG, Switzerland

35 W tubular resistance heater. Electrical
Engineering Dept, AUT.

Aeroneb Solo nebuliser, Aeroneb Pro-X
Controller. Aerogen Ltd, Ireland

Type K, thermocouple. Center 305 Digital
temperature logger.

SHT71 CMOS sensor. EK-H4 interface. Sensirion
AG, Switzerland

25.4 x 22 mm polycarbonate tube. Mulford
Engineering Plastics, NZ.

SHT71 CMOS sensor. EK-H4 interface. Sensirion
AG, Switzerland

Spraytec97 laser diffraction droplet sizer,
RTSizer software. Malvern Instruments Ltd,
England.

Shimadzu UW4200. Shimadzu Scientific
Instruments, NZ.

The more important items of apparatus are now described in more detail
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5.4.2 Air flow meter (3)

The air flow meter used, Figure 5-3, is a CMOSens® EM1 Mass flow meter for gases.
Model No. EM1NV4R0OV_1A supplied by Sensirion AG, Switzerland. The flow meter uses
a thermal dispersion principle to measure the gas flow. Temperature sensors are
mounted symmetrically upstream and downstream from a controllable heater element.
The temperature difference between the upstream and downstream sensors relates to
the gas mass flow. Circuitry is included on the device to integrate, amplify and linearize
the sensor signals and generate a digital output. The output from the flow meter is
connected via a proprietary cable and USB port to a laptop computer. Sensirion supplied

software, SensiViewer v2.3 is used to view and log flow data.

The device has a measuring range of 0 — 200 I/min. Over the air flow range used in these
experiments the device has a stated accuracy of 5% of measured value and a

repeatability of 0.5% of measured value.

Figure 5-3: Air flow meter (courtesy Sensirion AG)

5.4.3 Air heater (4)
The air is heated when required by a simple custom built resistance heater unit. It is
rated at 35 W. A variable Lab power supply capable of providing up to 14 Vat 3 A is

connected to the heater unit.

5.4.4 Ultrasonic nebuliser (5)

The ultrasonic nebulising system used to generate water droplets is an Aeroneb Solo
nebuliser and Aeroneb Pro-X Controller, Figure 5-4, supplied by Aerogen Ltd, Ireland.
The reservoir in the Solo nebuliser, Figure 5-5 is filled with water before each run and

the controller is set to run for a maximum time of 30 minutes (normal mode). The
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controller can be connected to its own power supply (AC/DC adapter) or can run off

internal rechargeable batteries.

The operation of the nebuliser is based on the vibration of a perforated aperture plate.
The aperture plate is dome shaped and contains over 1,000 precision formed tapered
holes. It is embedded in the middle of a vibrational element and sits at the base of the
water reservoir. Energy is applied to the vibrational element from the controller which
causes the aperture plate to vibrate at around 128 kHz. This rapid vibration causes each
hole in the plate to act as a micro-pump, extruding liquid through the holes to form

uniformly sized droplets. The result is a low velocity aerosol discharged from the device.

controller

\

nebuliser o

Figure 5-4: Ultrasonic nebuliser - Controller and nebuliser (courtesy Aerogen Ltd)

water
reservoir cable socket
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e 3 vibrational
> element

\“v/\\ droplet

discharge

Figure 5-5: Nebuliser (courtesy Aerogen Ltd)
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5.4.5 Air temperature and relative humidity measurement (7), (9)

The sensors use to measure temperature and relative humidity of the air flow are SHT71
sensors, Figure 5-6, supplied by Sensirion AG, Switzerland. They consist of a capacitive
sensing element for relative humidity and a band-gap sensor for temperature. Both
sensors are coupled to a 14-bit analogue to digital converter and serial interface circuit.
Each sensor is individually calibrated and the calibration coefficients programmed into
memory on the sensor chip. Externally, they are connected via an EK-H4 interface (also
supplied by Sensirion) to a laptop computer which enables the temperature and

humidity data to be viewed and logged.

Figure 5-6: Sensirion SHT71 Humidity and Temperature Sensor (courtesy Sensirion
AG)

Regarding relative humidity the sensors operate over a range of 0 — 100% RH with a

typical accuracy of 3% of reading and repeatability of 0.1% of reading. At very low (~10%

RH) and very high humidities (~90%) the accuracy is 4%. Regarding temperature, the

sensors operate over a range of -40 — 100°C with a typical accuracy of + 0.4°C and

repeatability of + 0.1°C. At the temperatures measured in these experiments the

accuracy is the same as the typical values stated.

5.4.6 Droplets size distribution measurement

The droplet size distribution from the nebuliser and from the outlet of the flow tube is
measured using a Spraytec laser diffraction device, Figure 5-7, supplied by Malvern
Instruments Ltd, England. In the laser diffraction technique, see Figure 5-8, particles are
passed through a laser and the scattering pattern is measured by a number of detectors
(photodiodes). These detectors are arranged at various scattering angles from the
direction of the laser source. According to Mie light scattering theory for spherical
particles a relationship exists between scattering angle, the intensity of the scattered

light at that angle and the particle size distribution by volume. The Spraytec RTSizer
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software uses a patented algorithm, based on the Mie light scattering theory, to
generate an accurate droplet size distribution from the detector readings. The software

was set up for measuring water droplets in air.

support
frame

Figure 5-7: Spraytec. Droplet size measurement device (courtesy Malvern
Instruments Ltd)

Figure 5-8: Laser scattering principle [145]

The Spraytec device is set up with the standard 100 mm lens that enables it to measure
droplets in the 0.1 to 100 um diameter range. The device can measure sprays with

obscurations of between 2% and 95%. Accuracy is stated at 3% with a precision of 0.5%.
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5.4.7 Mass balance 11)

The nebulisation rate from the Aeroneb Solo nebuliser is measured by weight loss using
a Shimadzu model UW4200H scale, Figure 5-9, supplied by Shimadzu Corporation,
Japan. It is connected via an RS232 cable to a laptop and MATLAB® code is used to log

the weight values and calculate the mass flow rate.

Figure 5-9: Mass Balance (courtesy Shimadzu Corporation)

The scale has a measuring range of 0 — 4200 g and a display resolution of 0.01 g. The
repeatability is £ 0.01 g and linearity is + 0.02 g.

5.4.8 General operation of the apparatus

e Air is supplied to the apparatus from a reticulated compressed air supply, @
through a filter/regulator and final micron filter and water trap. This ensures that
the air is clean and relatively dry.

e Aneedlevalve @ allows the flow rate of air into the apparatus to be adjusted. This
flow rate is measured by an air flow meter @ The air then passes through a
resistance heater @ connected to a variable power supply so that the inlet air
temperature can be adjusted prior to entering the flow tube . The temperature
and relative humidity of the inlet air is measure by a miniature CMOS sensor @

e A spray of water droplets is introduced into the air stream flowing along the tube
from an ultrasonic nebuliser @ fitted to a Y-piece that is connected to the flow
tube. A controller supplies power to the ultrasonic nebuliser and water for
nebulisation is added to a small receptacle in the nebuliser. A thermocouple @
measures the water temperature in the water supply receptacle.

e A second miniature CMOS sensor @ measures the temperature and relative

humidity of the air at the outlet of apparatus.

98



e Alaser diffraction device measures the outlet droplet size distribution. It is also
used, offline, to measure the inlet droplet size distribution i.e., the distribution at
the discharge of the ultrasonic nebuliser @

e A massbalance @ (not shown in schematic) is used, offline, to measure the droplet

nebulisation rate of the ultrasonic nebuliser @

5.5 Experimental procedure - normal evaporation

Prior to the installation of the ultrasound field generation equipment, trials were run in
the apparatus described above to provide a baseline for the normal evaporation process

and thus enable comparison with the ultrasound enhanced evaporation process.

5.5.1 Input water droplet size distribution and flow rate

These experiments are carried out to determine initial conditions for the water droplet
size distribution and flow rate. These parameters are measured at the discharge from
the ultrasonic nebuliser. It is not possible to measure them during the trial so the
nebuliser is removed from the apparatus to determine these measurements. This
procedure is carried out at the beginning and end of each evaporation trial (see next

section 5.5.2).

1. The nebuliser and controller are removed from the main apparatus (Figure 5-1) and
set up on a lab stand on the mass balance.

2. The mass balance and lab stand are arranged so that the droplet discharge from
the nebuliser is just above the measuring laser beam of the Spraytec device.

3. Alaptop PCis connected to the mass balance to log the mass readings.

4. Droplets are generated from the nebuliser. The laptop PC captures mass loss data
and the RTSizer software captures droplet size distribution data.

5. The trial runs for a period of around 3 minutes.

6. Atthe completion of the trial the nebuliser and controller are fitted back onto the

main apparatus as shown in Figure 5-1.

MATLAB® code on the laptop PC is used to determine a water mass flow rate. The
RTSizer software for the Spraytec device is used to generate an average droplet size
distribution, and average distribution parameters (Dv50, D[4.3] etc) for the period of

the trial.
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5.5.2 Evaporation trials
The purpose of these experiments are to determine the baseline for the normal
evaporation of water droplets in the apparatus for a range of air flow rates, air
temperatures and tube lengths. The results from these trials (water evaporation rates
and changes to the droplet size distribution) will be firstly compared with the results
from the theoretical model and then compared with experimental trials when the
ultrasound field is applied to the evaporating water droplets.

1. The apparatus is set up with a flow tube of the desired length as per Figure 5-1
and the outlet of the flow tube is arranged as close as possible to the measuring
laser beam of the Spraytec device.

2. The controller for the nebuliser is set to run from its external power supply and
the reservoir that supplies the nebuliser is filled with clean water.

3. Each of the measuring devices is set up to log its readings onto a laptop PC. This
includes the air flow meter, the nebuliser water temperature thermocouple and
the two air temperature and RH sensors.

4. The RTSizer software for the Spraytec is set to measure and log the droplet size
distribution data from the discharge of the flow tube.

5. The air flow into the apparatus is adjusted to the desired flow rate using the
needle valve.

6. The air heater power supply is adjusted to give the desired air temperature into
the apparatus. For ambient air trials the air heater is removed from the
experimental setup.

7. Water droplets are generated from the nebuliser into the air stream and the
apparatus allowed to stabilize for a period of 30 — 60 s.

8. Measurements from the various sensors are then recorded for a period of 3 -5
minutes. These include:

— inlet air temperature, RH and flow rate
— inlet water temperature
— outlet air temperature and RH
— outlet droplet size distribution
9. If necessary a new set of parameters (air flow, air temperature, tube length)

can be set and the above steps repeated.
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10. At the end of a set of trials the nebuliser is removed from the apparatus and its
discharge flow rate and droplet size distribution are checked according to the

procedure described in section 5.5.1.

From the recorded data the various parameters were checked to ensure approximately
steady conditions were achieved for each trial. Average values for all of the measured
parameters were then determined for each individual trial and recorded (See Appendix
4). From these average values the initial and boundary conditions for the theoretical
models were determined and the experimental amount of water evaporated was also

calculated and recorded.

It was found that the Spraytec device needed a certain concentration of droplets in the
air stream from the outlet of the apparatus to be able to give a reading of the droplet
size distribution (i.e., % transmission < 95%). Also, the outlet air stream needed to be of
sufficient velocity to prevent recirculation of the air stream and false size distribution
readings. Thus it was found that the air flow rate in this apparatus needed to be between
6 and 25 Ipm at ambient conditions. These air flows are also typical of what is found in

medical respiratory apparatus. The trials in this section were run for the following cases

e Airflow: 6 lpm, 10 [pm, 15 Ipm, 20 Ipm, 25 Ipm
e Tube lengths: 245 mm, 340 mm
e Air temperatures: ambient (~20°C), 34°C, 48°C

5.5.3 Typical results
The complete set of results for the trials are given in Appendix 4 and summarized in
Chapter 6 for further discussion and comparison. For each trial the following typical

results were generated:

e Amount of water evaporation (measured in terms of the moisture content of the
air at the inlet and outlet, kg of water per kg of dry air)
e Table of size distribution parameters: Dv10, Dv50, Dv90, Span, D[3,2], D[4,3]
(at both inlet and outlet)
e Graph of droplet size distribution: % Volume versus droplet diameter at inlet and
at outlet
The initial and boundary conditions for each trial were also entered into the poly-

disperse droplet evaporation model described in Chapter 4 and comparative values for
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the droplet size distribution, distribution parameters and amount of water evaporation
were determined. These were included along with the experimental results. Model
results have been calculated for two cases, where the accommodation coefficients are
set to a value of 0.04 and a value of 0.001. Figure 5-10 shows a typical set of results, in

this for the case where L = 245 mm, T,, ; = ambient, V, ; = 15 lpm.

5.6 Experimental apparatus - Ultrasound enhanced evaporation

To achieve the experimental design requirements for ultrasound enhanced evaporation
as detailed in section 5.3 it was necessary to select an ultrasound device that was
powerful enough to have a measurable effect on the droplet evaporation. Ideally, this
device would also allow for its frequency to be varied so a more thorough investigation
could be carried out. At the beginning of this research it was unknown what frequency
and strength (amplitude) of ultrasound field would be necessary to produce a
measurable effect on the evaporation process of the water droplets. The theoretical
model developed in Chapter 4 indicated a reasonably high SPL would be required. It
was also shown in Chapter 3 that the ideal frequency of oscillation would be that which
maximised the relative movement of air across the surface of the water droplets for a
wide range of droplet sizes in the droplet size distribution. Higher frequencies (~100 kHz)
would be more effective but even at lower frequencies (~¥20 kHz) there is still an
acceptable level of relative motion for medium to large size droplets, and it is these

larger droplets that will take longer to evaporate.

In the course of the investigation a number of reasonably powerful transducers with
variable frequency characteristics were tried in various configurations. However, these
transducers and flow arrangements produced no measurable change on the
evaporation process of the droplets and it became apparent that a much higher level of
ultrasound field intensity would be required in order to see any effect on evaporation
process. See Chapter 3 for a summary of the different transducers and configurations

that were investigated.

Research into ultrasound enhanced drying of vegetable pieces, mentioned in Chapter 2,
utilised an experimental set up consisting of a metal cylinder excited by a powerful

ultrasound transducer.
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100.000

Experiment Date
Time

28/03/2013

15:19:00-15:23:05

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET o =0.04 a =0.001
Air Properties
Flow rate Ipm 15.1 - 14.57 14.60
Temperature °C 25 14.5 11.8 12.5
RH 0.138 0.888 1.00 0.93
Sp. Humidity g/kg 2.708 9.172 8.669 8.394
Water Droplet Properties
Flow rate ml/min 0.338 - 0.233 0.238
Temperature °C 28 - 11.8 11.8
Length to end of calculation 55.7 627
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (um) 1.04 1.29 2.18 1.88
Dv(50) (um) 4.34 4.49 5.30 4,98
Dv(90) (um) 9.38 8.98 10.38 10.23
Span 1.92 1.72 1.55 1.68
D[3][2] (um) 2.39 2.62 3.78 3.28
D[4][3] (um) 5.02 4.99 5.82 5.56
% Transm. 71.9% 80.8%
Conc. (Cv) ppm 19 14

Figure 5-10: Sample result for normal evaporation: Va,,- =15lpm, L =245 mm, T, ; = ambient.




The cylinder was excited at ultrasound frequencies to investigate the effect of the
ultrasound field on the drying times of the vegetable pieces inside the cylinder. The
configuration used in their work generated high amplitude standing waves inside the
cavity of the cylinder, in the order of 150 dB at full power.This put the apparatus into
the so-called ‘power ultrasound’ regime (i.e., 10 — 1000 W/cm?) [146]. According to the
theoretical model developed in Chapter 4 this would be adequate to provide an

enhancement in the evaporation rates of the droplets.

Thus, the apparatus used in their experimental research [147-149] was obtained for use
in the current experimental investigation since it provided a high intensity of ultrasound
inside the cylindrical portion. The disadvantage with this apparatus was that the
cylinder diameter was much larger than the flow tube used in this investigation, and it
did not allow for the variation of ultrasound frequency. However it was deemed suitable

to investigate the effect of an imposed ultrasound field on water droplet evaporation.

5.6.1 Apparatus to generate ultrasound field

The additional apparatus used to impose the ultrasound field on the flow of air and
droplets was comprised of equipment supplied by Pusonics S.L. listed in Table 5-3. The

set up for this equipment is shown as a schematic in Figure 5-11

Table 5-3: List of additional apparatus - ultrasound enhanced evaporation

Item Description Details

Cylindrical tube, titanium, 300 mm long x 100
Sonotrode mm internal diameter x 5 mm wall thickness.
Pusonics S.L.

Proprietary design. Langevin bolt clamped,

Ultrasonic transducer 1.7 kHz. Pusonics S.L.

Power amplifier and
dynamic resonance Proprietary design. Pusonics S.L.
controller

® ©® 6

Impedance matching

P ietary design. P ics S.L.
unit roprietary design. Pusonics

® @

Transition piece (inlet) Custom made. AUT Workshop.

Transition piece
(outlet)

S)

Custom made. AUT Workshop.
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5.6.2 Ultrasonic transducer and sonotrode @2 @3

The sonotrode (Figure 5-12) consists of a titanium cylinder of dimensions 300 mm long
x 100 mm internal diameter and wall thickness 5 mm. The ultrasonic transducer,
designed to operate at a resonant frequency of around 22 kHz, is custom built by
Pusonics S.L. and is bolted to the wall of the cylinder at its mid-point. The dimensions
and thickness of the cylinder are such that when excited by the transducer at a

frequency of 22 kHz it vibrates in a mode that maximises the intensity of the ultrasound

field inside the cylinder.

O

Impedance
matching
unit

Ultrasonic
tansducer

Power amplifier and
Dynamic resonance
controller

()

®

Cylindrical
sonotrode

Figure 5-11: Schematic of Ultrasound field generation equipment

5.6.3 Power amplifier and dynamic resonance controller

The power amplifier and the dynamic resonance controller (Figure 5-13) is custom built
by Pusonics S.L. and provides power to the ultrasonic transducer. The power level to be
supplied to the transducer can be preselected. Once the power is turned on the dynamic

resonance controller maintains the operation of the transducer at the selected power

level.
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Ultrasonic
transducer

Figure 5-12: Sonotrode and Ultrasonic transducer

Dynamic resonance display: power,
controller frequency etc

\\ push buttons:

access to menus etc

Power amplifier

Figure 5-13: Power supply and resonance control system
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5.6.4 Impedance matching unit 15
This unit, Figure 5-14, combined with the power amplifier and dynamic resonance
controller maintains optimum resonance conditions and operation at the selected

power level for the transducer and sonotrode. The unit is custom built by Pusonics S.L.

A
S

i

impedance
matching unit

earth

signal to
transducer

Figure 5-14: Impedance matching unit

5.6.5 General set up of ultrasound enhanced evaporation apparatus

It was necessary to incorporate the ultrasound field generation apparatus into the
existing apparatus for the investigation of the enhancement in water droplet
evaporation. Thus it was necessary to pass the droplets and air through the cylinder
(sonotrode) and then to measure the effect of the ultrasound field on the droplet size
distribution and air conditions at the exit of the cylinder. Since the cylinder was
significantly larger than the flow tubes used in the existing apparatus it was incorporated

into the apparatus using transition pieces, and @

It was also important that the vibrations of the cylindrical sonotrode not be damped to
any great degree so the transition pieces could not be attached directly to it. And, it was
important for there to be an air tight seal between the transition pieces and the cylinder.
These two requirements were achieved by using a thin plastic film covering the small
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gap between the cylinder and the transition piece and held in place by two rubber bands,
see Figure 5-15. The rubber band on the cylinder side was placed at a known vibrational

node to minimise impact on the cylinder vibrations.

plastic film rubber bands sonotrode @

transition piece

Figure 5-15: Sealing of transition piece to sonotrode

The overall setup of the experimental apparatus to investigate the effect of ultrasound
on the evaporation of water droplets, incorporating the ultrasound field generation

equipment is shown in Figure 5-16 and Figure 5-17.

The Pusonics equipment allows the cylinder to be driven at approximately 21.7 kHz at
user selectable input transducer powers (2 W to 70 W). Although the frequency of the
ultrasound could not be altered, the operating frequency of around 22 kHz would give
enhancement to the evaporation process, especially for the larger droplets, as discussed

earlier in this section.

In order to focus on the effect of the ultrasound field on evaporation of droplets into

ambient air, the air heater was not incorporated into the experimental set up.

5.6.6 General operation of the apparatus

The apparatus, as shown in Figure 5-16 and Figure 5-17 is operated generally as
described in section 5.4.8 for normal evaporation trials but with the additional operation

of the equipment used to generate the ultrasound field.
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Figure 5-16: Schematic of Ultrasound Enhanced experimental setup

compressed air supply

To operate the ultrasound field generation equipment the desired power level to be
supplied to the ultrasonic transducer @ is preselected on the power supply . This
will determine the approximate SPL of the ultrasound field inside the cylindrical
sonotrode @ The relationship between input power level and ultrasound field
amplitude (SPL) inside the cylinder has been measured by the manufacturer and a table
provided, see Appendix 1. Once air and water droplets are flowing through the
apparatus then the power supply can be switched on which causes an ultrasound
field to be generated in the cylindrical sonotrode. The resonance control system and
impedance matching unit @ ensure that the transducer and sonotrode operate

continuously at the selected power input.

5.7 Experimental procedure - Ultrasound enhanced evaporation

This section details the procedure used to generate experimental data for both normal
evaporation and ultrasound enhanced evaporation with the ultrasound field generation
apparatus in place. Since the ultrasound field generation apparatus was of a different
diameter from the flow tube that it replaced, both normal and ultrasound enhanced
evaporation trials needed to be run so that direct comparisons could be made between

the two cases.

109



Figure 5-17: Layout of Ultrasound field generation equipment

5.7.1 Input water droplet size distribution and flow rate
It was necessary to determine the initial droplet size distribution and water droplet flow
rate before each of the ultrasound enhanced evaporation trials. The procedure followed

was identical to that described in section 5.5.1 for the normal evaporation trials.

5.7.2 Ultrasound enhanced evaporation trials

The purpose of these experiments is to determine the water evaporation rates and
changes in the droplet size distribution using the ultrasound enhanced apparatus. Since
the diameter of the ultrasound cylinder is larger than the flow tube used in the earlier
normal evaporation trials (detailed in section 5.4) it was not possible to use the results
from those earlier trials for compare with the current ultrasound trials. Thus these trials
were run, initially with the ultrasound field off and then with the ultrasound field on to
enable comparison between normal and ultrasound enhanced evaporation for the large
flow cylinder size. The tube length (cylindrical sonotrode) could not be varied and the
air inlet temperature was maintained at ambient. The results from these trials will also
be compared with the results from the theoretical model for ultrasound enhanced

evaporation.

1. The apparatus is set up with the discharge from the outlet transition piece

arranged as close as possible to the measuring laser beam of the Spraytec device.
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10.

11.

12.

The controller for the nebuliser is set to run from its external power supply and
the reservoir that supplies the nebuliser is filled with clean water.

Each of the measuring devices is set up to log its readings onto a laptop PC. This
includes the air flow meter, the nebuliser water temperature thermocouple and
the two air temperature and RH sensors.

The RTSizer software for the Spraytec is set to measure and log the droplet size
distribution data from the discharge of the outlet transition piece.

The air flow into the apparatus is adjusted to the desired flow rate using the
needle valve.

Water droplets are generated from the nebuliser into the air stream and the
apparatus allowed to stabilize for a period of 30 - 60 s.

Measurements from the various sensors are then recorded for a period of around
three minutes with the ultrasound power turned OFF.

The power supply to the ultrasound transducer is turned ON at a preselected
power level and measurements from the various sensors continue to be recorded
for a further period of three minutes.

The power supply to the ultrasound transducer is then turned OFF and
measurements recorded for a further two minutes

The recorded measurements include:

inlet air temperature, RH and flow rate

— inlet water temperature

outlet air temperature and RH

— outlet droplet size distribution
If necessary a new set of parameters (air flow, ultrasound power level) can be set
and the above steps repeated.
At the end of a set of trials the nebuliser is removed from the apparatus and its
discharge flow rate and droplet size distribution are checked according to the

procedure described in section 5.5.1.

From the recorded data the various parameters were checked to ensure approximately

steady conditions were achieved for each trial. Average values for all of the measured

parameters were then determined for each trial. From these average values the initial
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and boundary conditions for the theoretical models were determined and the

experimental amount of water evaporation was also calculated.

As for the earlier normal evaporation trials it was found that the Spraytec device needed
a certain concentration of droplets in the air stream from the outlet of the apparatus to
be able to give a reading of the droplet size distribution. Also, the outlet air stream
needed to be of sufficient velocity to prevent recirculation of the air stream and false
size distribution readings. Thus it was found that the air flow rate in this ultrasound
enhanced apparatus needed to be between 6.5 and 20 I[pm at ambient conditions. These

air flows are also typical of what is found in medical respiratory apparatus.

Initial trials indicated that at power levels above 20 W, supplied to the ultrasonic
transducer, there was insufficient quantity of droplets remaining in the outlet flow from
the apparatus for the Spraytec device to reliably measure the droplet size distribution.
The lowest setting possible on the power supply was 2 W, thus a range of power values

between 2 and 20 W was chosen for these trials.
The trials in this section were run for the following cases

e Airflow: 6,8, 10, 12, 15, 18, 20 Ilpm
e Tube length: 300 mm (length of cylindrical sonotrode)
e Air temperature: ambient (~20°C)

e Ultrasound Power level: 2, 5,7, 10,12, 15,17, 20 W at a frequency of 21.7 kHz

5.7.3 Typical results

The complete set of results for the trials are given in Appendix 4 and summarized in
Chapter 6 for further discussion and comparison. For each trial the following typical
results were generated from the recorded data for both normal and ultrasound

enhanced evaporation cases:

e Amount of water evaporation (measured in terms of the moisture content of the
air at the inlet and outlet, kg of water per kg of dry air)

e Table of size distribution parameters: Dv10, Dv50, Dv90, Span, D[3,2], D[4,3]
(at both inlet and outlet)

e Graph of droplet size distribution: % Volume versus droplet diameter at inlet and

at outlet
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The initial and boundary conditions for each trial were also entered into the ultrasound
enhanced droplet evaporation model described in Chapter 4 and comparative values for
the droplet size distribution, distribution parameters and amount of water evaporation
were determined. These were included along with the experimental results. Model
results have been calculated for two cases, where the accommodation coefficients are

set to a value of 0.04 and a value of 0.001.

Figure 5-18 shows a typical set of results, in this for the case where the airflow = 10 Ipm

and the ultrasound power level is 10 W.

A dramatic change in the droplet size distribution can be seen as a result of the
ultrasound field in Figure 5-18. The increase in evaporation can be clearly seen in the
increase of the experimental specific humidity for the ultrasound enhanced case also in
Figure 5-18. These results are discussed in full in Chapter 7, along with all the other

results presented in Chapter 6 for further discussion and comparison.

5.8 Closure

This chapter presents the experimental investigation into the improvements in
evaporation of water droplets into air flowing along a conduit as a result of an imposed
ultrasound field. It presents the design of the investigation and describes the
experimental apparatus and procedures for both the normal evaporation investigation
and the ultrasound enhanced evaporation investigation. Typical sample results for both

investigations are also presented.
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Chapter 6 - Results

6.1 Introduction

This research focusses on determining the improvement in evaporation of water
droplets in air flowing along a conduit as a result of the application of an ultrasound
field. In the previous chapters the aims, methodology, theoretical models and
experimental apparatus were described in detail. In this chapter the detailed results

from the theoretical and experimental investigation are reported.

Firstly results from the initial investigation of the mono-disperse droplet evaporation
model are presented. This includes a comparison of the results generated from that
model with theoretical overall mass and energy balances and a comparison with another

mono-disperse model and experimental data from the literature.

Secondly results from the experimental and theoretical investigation of the evaporation
of water droplets flowing along a conduit (no ultrasound field present) are presented.
This includes experimental results and corresponding theoretical results generated from
the poly-disperse model described in Chapter 4. These results are intended to provide
insight into the droplet evaporation process and to provide a baseline for comparison
with the second part of the experimental investigation. They are also used to validate

the theoretical model.

Finally results from the experimental and theoretical investigation of ultrasound
enhanced evaporation are presented. This includes experimental results from the
literature, experimental results from this work and corresponding theoretical results
from the ultrasound enhanced model described in Chapter 4. From these results it is
possible to quantify the improvements in evaporation as the result of the imposed

ultrasound field and also to compare the theoretical model with experimental results.

6.2 Mono-disperse droplets - Model validation

A mono-disperse evaporation model was developed as a proof of concept model that
would form the foundation of a more complex but realistic poly-disperse droplet
evaporation model. As mentioned in Chapter 5, practical nebulisers do not generate
truly mono-disperse droplet distributions so there are limitations in validating this

model experimentally. Thus, to validate the model it was compared with theoretical
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overall mass and energy balances and also compared with results from the literature.
Initially the results from the mono-disperse model were compared with the overall mass

and energy balances described in Chapter 5 section 5.2.

6.2.1 Comparison with theoretical overall mass and energy balances

The mono-disperse model uses mass and energy balance equations to calculate the
changes in the dependant variables over small time steps until equilibrium is reached or
the plug reaches the end of the conduit (outlet). The overall mass and energy balances
consider just the conditions at the inlet and conditions at the outlet of the conduit. Thus
comparing the results from the model with the overall mass and energy balances is a

reasonable method of theoretically validating the model.

Results from the mono-disperse model are given in Table 6-1 and Table 6-2 for a
selection of initial conditions and are compared with the results from the theoretical
overall mass and energy balances described in Chapter 5. The initial or inlet conditions
that are varied are the water droplet flow rate (0.08 — 0.3 ml/min) and the initial
temperature of the water droplets (10°C and 20°C). In each case the air flow rate is fixed
at 30 I/min, the initial air temperature and relative humidity is fixed at 25°C and 40%
respectively, and the initial water droplet size is fixed at 5 um. These conditions

represent typical values for medical respiratory equipment.

In Table 6-1 the % error between the model and overall mass and energy balance are
shown for the calculated outlet air temperature and RH. In Table 6-2 the % error
between the model and overall mass and energy balance are shown for the calculated
outlet water droplet temperature and diameter. It can be seen that the calculated final
values of the dependant variables generated by the mono-disperse model are on
average < 1 % of the values generated by the theoretical overall mass and energy
balances. Where the ratio of water to air is close to the critical value, that required to
just saturate the incoming air stream (0.13 ml/min of water to 30 I/min of air in this

case), the errors are larger (2 — 3%).

6.2.2 Comparison with results from the literature

To further validate the mono-disperse model it was compared with other model results
and experimental data from the literature. The model of Rao et al [59] assumed that

the temperature of the air surrounding the droplets remains constant (i.e. isothermal).
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Their model was primarily used for the purpose of predicting droplet evaporation trends
in drug delivery systems so that the performance of a typical cascade impact sizing
device could be improved. Thus their focus was on the final droplet diameter after

evaporation had taken place.

Table 6-1: Comparison of results from mono-disperse evaporation model (Model)
and overall mass and energy balances (Balance). Air conditions at outlet.

Initial Conditions Calculated Final Conditions
Water Droplets Surrounding Air at Outlet
- s Outlet Temperature Outlet RH
® Flow Initial T ¢
(= rate Temp. of oo f
Vw,i. d,i % %
(ml/min) (°C) Balance Model diff Balance Model diff
1 0.08 25 19.6 19.6 0.0 0.713 0.713 0.0
2 0.12 25 16.9 17.0 0.6 0.937 0935 0.2
3 0.14 25 16.3 16.3 0.0 1.000 1.000 0.0
4 0.30 25 16.3 16.4 0.6 1.000 1.000 0.0
5 0.08 10 19.4 19.5 0.5 0.721 0.720 0.1
6 0.12 10 16.7 16.2 3.0 0.952 0.946 0.6
7 0.14 10 16.2 16.2 0.0 1.000 1.000 0.0
8 0.30 10 16.1 16.2 0.6 1.000 1.000 0.0

Table 6-2: Comparison of results from mono-disperse evaporation model (Model)
and overall mass and energy balances (Balance). Water conditions at outlet

Initial Conditions Calculated Final Conditions
Water Droplets Water Droplets at Outlet
5 Initial Outlet Temperature Outlet Diameter
= Flow rate Temp. 7:d,f dp
Vi . (°C) (nm)
(mi/min) (°C) Balance Model dof:cf Balance Model doif‘f
1 0.08 25 NA NA NA 0 0 NA
2 0.12 25 NA NA NA 0 0 NA
3 0.14 25 16.3 16.3 0.0 2.09 2.05 1.9
4 0.30 25 16.3 164 0.6 4.12 4.12 0.0
5 0.08 10 NA NA NA 0 0 NA
6 0.12 10 NA NA NA 0 0 NA
7 0.14 10 16.2 16.2 0.0 1.000 1.000 0.0
8 0.30 10 16.1 16.2 0.6 1.000 1.000 0.0

117



They allowed for the presence of a small amount of drug (solute) in the water droplets.
So, for comparison purposes, a version of the mono-disperse evaporation model was
adjusted to match the model of Rao et al. This was done by setting dT,,/dt = 0 in
equation ( 4-45) to simulate isothermal conditions and by adding equation ( 6-1) to allow
for the depression of vapour pressure at the droplet surface due to the presence of a

non-volatile solute.

P4 = XsPd (6-1)

Where pj is the water vapour pressure at surface of droplet containing solute and y; is
the mole fraction of solute. Also included in the model calculations is a correction factor
of 1.35 that was utilised in their paper to match their model results with the

experimental droplet sizing data from an impact sizing device.

Figure 6-1 and Figure 6-2 show graphs for two typical cases of final droplet size as a
function of initial relative humidity (RH) of the surrounding air for two different model
configurations. The model results shown in both these graphs are for a water flow rate
of 0.296 ml/min with a solute concentration of 120 mg/ml and an initial droplet size of
5 um. Model results have been generated for the normal case with adiabatic boundary

conditions and for the case of isothermal boundary conditions.

Droplet Evaporation: Comparison between model results

4.00 g -— 0
== adiabatic

’_’;ﬁ#f R —4—isothermal x 1.35

=3¢=Rao et al [59]

3.25 isothermal

Final droplet diameter, pm
(98]
~J
i

35 40 45

ambient air, RH

Figure 6-1: Model results of final droplet size as a function of surrounding air initial
relative humidity for the case of Va,i =151/min, T; = 20°C
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Droplet Evaporation: Comparison between model results
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Figure 6-2: Model results of final droplet size as a function of surrounding air initial
relative humidity for the case of Va,i =301/minand T,; = 25°C.

Figure 6-1 and Figure 6-2 show that the isothermal and adiabatic results from the mono-
disperse droplet evaporation model sit on either side of the results of Rao et al. In their
set up they checked their model results against experimentally determined results (that
isthe MMAD) from an impact sizing device. They included a correction factor of 1.35 so
that their model results were very close to the experimental MMAD results. Assuming
that the experimental MM AD for the actual droplet size distribution can be equated to
the diameters of a mono-dispersed droplet distribution then it seems clear that the
actual evaporation process in their setup is somewhere between the isothermal case
and the adiabatic case. It can also be seen from Figure 6-1 and Figure 6-2 that when the
correction factor of 1.35 is included in the mono-disperse model from this work then

the results almost exactly match the results of Rao et al.

Furthermore the mono-disperse model was validated against experimental data from
Rao et al. The experimental data was in the form of final droplet sizes (MMAD)
determined from an impact sizing device for a range of input conditions [59]. In Figure
6-3 this experimental data has been plotted against predicted final droplet sizes from
the mono-disperse model for the same input conditions for both the adiabatic case

(circles) and the isothermal case (solid squares).
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Comparison of Model and Experimental Results
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Figure 6-3: Comparison between final droplet sizes from experimental data (from
an impact measuring device) and predicted final droplet diameters from the mono-

disperse droplet evaporation model: Isothermal case ®, Adiabatic case ©

For final measured droplet diameters (MMAD) between 3 and 4 um the results from
the mono-disperse model sit on either side of the experimental data (as indicated by
their relationship to the dashed 45° line in Figure 6-3). This suggests the validity of the
mono-disperse model and also indicates that the experimental evaporation process
probably reached equilibrium and is somewhere between the isothermal and adiabatic
cases. However for final measured diameters between 4.2 and 5.2 um the mono-
disperse model results indicate smaller final diameters in both the isothermal and

adiabatic cases. Further discussion of these results is presented in Chapter 7.

These comparisons suggest that the mono-disperse model is in fact providing reliable
results regarding the evaporation of micrometre-size mono-disperse water droplets in
air flowing in a tube. Thus the model is a suitable foundation for the development of

the poly-disperse evaporation model, described in Chapter 4.
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6.3 Normal evaporation - Poly-disperse droplets

The aim of this part of the investigation is to provide insight into the droplet evaporation
process, to provide a baseline for comparison with ultrasound enhanced evaporation
and to investigate the validity of the poly-disperse theoretical model. In the following
two sections the experimental and theoretical results from the normal evaporation of

water droplets flowing in air along a conduit are presented.

Experimental trials were carried out in accordance with the procedures detailed in

Chapter 5 for the different cases shown in Table 6-3.

Table 6-3: Experimental Cases for which results were generated

Air Temp, Tw, Air Temp, Ty, Air Temp , T,
~22°C ~35°C ~48°C
Air flow ] ] .
. Conduit Conduit Conduit
Va Length, L Length, L Length, L
(Ipm)
245 340 245 340 245 340
(mm)  (mm) (mm)  (mm) (mm)  (mm)
6.5 v v v - v -
10 v v v - v -
15 v v v - v -
20 v v v - v -
25 v v - _ } )

In each case the experimental parameters noted in Chapter 5, Table 5.1 were measured

and recorded.

Raw results for each case are a presented in Appendix 4 and include

e Amount of water evaporation (measured in terms of the moisture content,
specific humidity, of the air at the inlet and outlet)

e Table of size distribution parameters: Dv10, Dv50, Dv90, Span, D[3,2], D[4,3]
(at both inlet and outlet)

e Graph of droplet size distribution: % Volume versus droplet diameter at inlet and

at outlet

In the next section results are presented regarding the effect of air temperature, conduit

length and air flow rate on the evaporation characteristics of the water droplets.
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The initial and boundary conditions that were recorded for each trial were also entered
into the poly-disperse droplet evaporation model described in Chapter 4. Thus
comparative theoretical values were generated for the droplet size distribution,
distribution parameters and amount of water evaporation. In section 6.5 these results

are compared with their associated experimental results.

In all of the following figures the data points are joined by lines, they don’t necessarily
represent a trend but are included for clarification purposes, especially where there are

many trials plotted on the one graph.

6.4 Variables affecting normal water droplet evaporation
In this section the effect of air flow rate, inlet air temperature and conduit length on the
amount of water evaporated over the length of the conduit and the changes in droplet

sizes in the droplet distribution, for normal evaporation conditions, are presented.

6.4.1 Amount of water evaporated

The amount of water evaporated is measured by the difference in the specific humidity
of the air between the inlet and the outlet of the conduit. Values for this difference in
specific humidity were determined from the raw data presented in Appendix 4 as a

percentage of the inlet specific humidity according to

w, — W;
A% w = —2udet  Tinlet o 100% (6-2)
Winlet

Where w is the specific humidity of the air (kgw/kga). The difference in specific humidity

is presented as a percentage change for conformity with the remainder of the results

presented in this chapter.

These values are plotted in Figure 6-4 and Figure 6-5. Figure 6-4 shows, as expected, that
for a given length of conduit (245 mm), the higher the inlet air temperature the greater
the amount of water evaporated from the droplets. There are no clear trends with
increasing air flow rate. Water evaporation decreases a little with air flow rate for the
lower temperatures (20°C and 34°C) but initially increases for the highest air
temperature (48°C). When considering the effect of conduit length it is apparent from
Figure 6-5 that there is generally a larger amount of water evaporated over the longer

length for different air flow rates.
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Figure 6-4: Effect of air temperature and air flow rate on water evaporation
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Figure 6-5: Effect of conduit length and air flow rate on water evaporation

123



This is expected as the residence time of the droplets and air inside the tube will increase
with increasing length of tube. This gives greater time for evaporation to occur. For a
given length the amount of water evaporated decreases with increasing air flow rate for
the same reasons, that is the residence time of the droplets and air inside the tube will

decrease with increasing air flow rate for a given length of tube.

6.4.2 Changes to the droplet size distribution

For a poly-disperse water droplet size distribution evaporating into air flowing along a
conduit it is expected that the smaller droplets will decrease in size and completely
evaporate more quickly than the larger droplets. This can be seen by considering a
typical plot, Figure 6-6, showing the droplet size distributions at the inlet and at the
outlet of the conduit. In this case the conduit length is 340 mm, the inlet air temperature
is at ambient and the input air flow rate is 20 [pm. By comparing the inlet droplet size
distribution (blue line) with the experimental outlet droplet size distribution (red line) it
can be seen that the percent volume of the smaller sized droplets (dq < 2 um) is
decreasing, the percent volume of the largest droplets (d4 > 10 um) remains relatively
the same and as a result the percent volume of the middle sized droplets (3 um < dy <
10 um ) actually increases.

This phenomenon can be presented in more detail by considering the droplet size
distribution parameters: the Dv10, Dv50, and Dv90 which are the 10t percentile, 50t
percentile and 90" percentile droplet diameters respectively. As described in Chapter
2 these parameters represent the smaller, middle and larger size droplets, respectively
in the droplet size distribution. For the expected droplet evaporation scenario just
described it is thus expected that the Dv10 will increase by a large amount, the Dv50
will increase by a moderate amount and the Dv90 will increase by a small amount. The
values for Dv10, Dv50, and Dv90 recorded for each trial in Appendix 4 were used to
determine a percentage difference for that parameter between the inlet and outlet
droplet size distributions. The percentage difference in the Dv10 parameter, for

example, is calculated as

Dvlooutlet - Dvloinlet
A% Dv10 = x 100% (6-3)
Dvloinlet

These % differences were then used to produce Figure 6-7 to Figure 6-12.
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Comparison of droplet size distributions
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Figure 6-6: Comparison between inlet and outlet droplet size distributions - typical
case
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Figure 6-7 Effect of air temperature and air flow rate on changes to the smallest
droplet sizes (Dv10) in the distribution
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If the value of the Dv10 increases between the inlet and outlet of the conduit it means
that there are less (lower volume percent) of the smallest droplets in the distribution at
the outlet as a result of the evaporation process. Figure 6-7 shows generally that there
is anincrease in the Dv10 in the outlet droplet size distribution (only two cases in all the
data where there was a decrease) and that this increase increases with air flow rate.

The effect of air inlet temperature on the smallest droplets is not so clear.

However from Figure 6-8 it is clear that the increase in conduit length at ambient air
temperatures increases the Dv10 and hence there is a decrease in the volume percent

of the smallest droplet sizes at the outlet of the conduit.

% Difference in Dv(10) between Inlet and Outlet
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Air Flow Rate (lpm)

—8—20°C, 245 mm  —#=—20°C, 340 mm

Figure 6-8: Effect of conduit length and air flow rate on changes to the smallest
droplet sizes (Dv10) in the distribution
In the case of the Dv50 it can be seen from Figure 6-9 that for the lower air flow rates
the Dv50 decreases a little (negative % difference) but this % difference becomes
positive and increases with increasing air flow rate. An increase in the Dv50 could be
due to two things: a decrease in the % volume of the droplet sizes in the lower half of
the distribution or possibly an increase in the % volume of the droplet sizes in the upper
half of the distribution. The latter is unlikely as conditions in the conduit favour
evaporation and it is unlikely that any droplet coalescence, generating larger size

droplets is taking place. As for the smaller droplets (Dv10) the effect of air temperature
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on the middle size droplets is not so clear although a trend towards increasing Dv50

with increasing temperature is apparent, especially at the higher air flow rates.
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Figure 6-9: Effect of air temperature and air flow rate on changes to the middle of
the distribution (Dv50)
The effect of the conduit length on the middle sized droplets is not so clear with a small
increase in the % difference in Dv50 for all but the highest air flow rate as is shown in

Figure 6-10

Figure 6-11 shows that for over half of the cases measured (all at lower air flow rates)
the change in Dv90 is negative. This means that the % volume of the largest droplets in
the distribution has decreased at the outlet of the conduit. This is unexpected and
further investigation of the actual droplet size distributions (Appendix 4) for each case
implies that the very largest droplets are somehow disappearing altogether from the
outlet distribution. This is unlikely due to evaporation and the possible reasons for this
are discussed in Chapter 7. However it is clear that, as for the smallest droplets and the
middle sized droplets, increasing air flow rate causes the % difference in Dv90 to

become increasingly positive.
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Figure 6-10: Effect of conduit length and air flow rate on changes to the middle of
the distribution (Dv50)
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Figure 6-11: Effect of air temperature and air flow rate on changes to the largest
droplet sizes (Dv90) in the distribution
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This implies that at the higher air flow rates, for a given length of conduit, even though
the amount of water evaporating over that length is less, the expected changes in the
droplet size distribution become more pronounced. That is the Dv10 increases a large
amount, the Dv50 increases a moderate amount and the Dv90 increases a small
amount. The effect of the conduit length on the largest droplets is not so clear as shown

in Figure 6-12.
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Figure 6-12: Effect of conduit length and air flow rate on changes to the largest
droplet sizes (Dv90) in the distribution

6.5 Comparison with model results

As stated in section 6.3 the initial and boundary conditions for each trial were also
entered into the poly-disperse droplet evaporation model (see Chapter 4). Thus values
for the amount of water evaporation, changes to the droplet size distribution, and
changes to the distribution parameters were determined from the model for
comparison with the experimental results. A reasonable correlation between
experimental and model results would give confidence in the theoretical model as a
predictive tool and give confidence that the model was suitable for further modification

to describe the effects of an imposed ultrasound field on droplet evaporation.
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The mass accommodation coefficient and the thermal accommodation coefficient, a,,
and ay, respectively are two of the inputs to the theoretical models as detailed in
Chapter 4. These coefficients are used in the mass and heat flux correction factors
respectively. Values for the coefficients range between 0 and 1. Much debate has
occurred over the correct values to use and although values of 1 or 0.04 are commonly
used, values as low as 0.001 have been used in the literature [58, 150]. In this research
values of 0.04 and 0.001 have both been used for the mass and thermal accommodation

coefficients to generate comparative results from the theoretical models.

6.5.1 Amount of water evaporated

As detailed in the section 6.4.1 the difference in specific humidity in the air stream
between the inlet and outlet of the conduit is a measure of the amount of water that
has evaporated. Since the inlet water flow and inlet air specific humidity is relatively
constant in each trial, comparing just the specific humidity in the air outlet stream
between the experimental and theoretical cases will give an indication of the accuracy
of the theoretical model. The percentage difference in outlet air specific humidity for
the experimental cases and corresponding theoretical cases was determined from the

raw results in Appendix 4 according to

Woutlet, expt. Woutlet, model

A% w =

X 100% 6-4
Woutlet, expt. ( )

These values are presented in Figure 6-13 and Figure 6-14. The model results are
calculated using accommodation coefficients of 0.04 which were found to give more

accurate results when considering the amount of water evaporated.

Figure 6-13 shows that the % difference in air specific humidity between the
experimental results and theoretical results is at a maximum of around 21% for the case
of ambient air and lowest air flow rate of 6.5 Ipm. But is well within 5% for the higher
air flow rates and temperatures. Over half of the trials had a difference of < 5.5%
between theoretical model and experimental results. This indicates that the model is

giving reasonable results for the amount of water evaporated, in the majority of cases.

With regards to the conduit length Figure 6-14 shows the % difference between the
model and experimental result for the amount of water evaporated is greater for the

longer conduit length. But also that this % error decreases with increasing air flow rate.
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% Difference in Specific Humidity between Expt. and Model
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Figure 6-13: Specific humidity of outlet air: Comparison between experimental and
theoretical results for various air temperatures vs air flow rate (a,, = a, = 0.04)
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Figure 6-14: Specific humidity of outlet air: Comparison between experimental and
theoretical results with respect to conduit length and air flow rate: (a,, = a, =
0.04)
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In all cases the theoretical model is predicting more water is evaporating than what was

measured experimentally.

6.5.2 Droplet size distribution and parameters at outlet

By considering the droplet size distribution generated by the theoretical model and
comparing it to the experimentally measured droplet size distribution for each trial it is
possible to see if the model is more or less accurate for predicting evaporative changes

to the different droplet size ranges.

Consider Figure 6-15. This is for the same trial as Figure 6-6 but now also shows the
theoretical droplet size distribution data, at the outlet of the conduit (in addition to the
inlet and experimental outlet droplet size distributions). The purple line represents the
theoretical model output for accommodation coefficients of a,, = a;, = 0.04 and the
green line represents the theoretical model output for accommodation coefficients of
a, = a, = 0.001. Comparing these two lines with the experimental droplet size

distribution (red line) at the outlet of the conduit shows that:

e The theoretical model using accommodation coefficients a,, = a;, = 0.001
(green curve) appears to give a more accurate prediction of the actual droplet
size distribution (red curve) and this is generally true for all trials.

e The theoretical model is less accurate for the smaller droplet sizes.

These observations can be examined in more detail by again considering the distribution
parameters: the Dv10, Dv50, and Dv90 for all trials. The values for Dv10, Dv50, and
Dv90 recorded for each trial in Appendix 4 were used to determine a % Difference for
that parameter between the experimental outlet and theoretical model outlet droplet
size distributions. The percentage difference in the Dv10 parameter, for example, is
calculated as

Dv 100ut]et, expt. Dv 100ut]et, model
Dv1l Ooutlet, expt

A% Dv10 = x 100% (6-5)

These percentage differences, for each parameter, were then used to produce Figure
6-16 to Figure 6-21. The model values for each parameter are calculated using

accommodation coefficients of 0.001 in these cases.
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Comparison of droplet size distributions
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Figure 6-15: Comparison between experimental and theoretical (model) outlet
droplet size distributions - typical case

Figure 6-16 shows that for the smaller droplet sizes the difference between the
experimental result and the theoretical result is quite large (between +20 and +85%).
This indicates that the model is not accurately predicting the evaporation characteristics
of the smaller droplets. The model is over predicting the evaporation of the smaller
droplets (that is, under predicting the size of the smaller droplets) and the possible
reasons for this are discussed in Chapter 7. There appears to be little correlation

between model accuracy and inlet air temperature or air flow rate.

Regarding conduit length Figure 6-17 shows that the model is more accurate for the
longer conduit case although errors are still large (up to 40%) for the smaller droplet
sizes. For ambient air the model appears to be least accurate in predicting the smaller
droplet sizes for medium air flow rates (15 Ipm) and more accurate at very low and very

high air flow rates.
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% Difference in Dv(10) between Expt. and Model

90
80 To;=48°C
70

60

0)

4% Dv(

40

30

20

10

5 10 15 20 25
Air Flow Rate (lpm)

—8—20°C, 245 mm 34°C, 245 mm 48°C, 245 mm

Figure 6-16: Comparison between experimental and theoretical results with respect
to air temperature and air flow rate: smaller droplet sizes (Dv10)
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Figure 6-17: Comparison between experimental and theoretical results with respect
to conduit length and air flow rate: smaller droplet sizes (Dv10)
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Figure 6-18 shows that in the case of the Dv50, which represents the middle of the
droplet size distribution, the accuracy of the model is much better than for the smallest
droplet sizes (Dv10). Differences range between +22% and -14%. Accuracy is best
around medium air flow rates (15 and 20 Ipm), where differences are less than 5% for
all air temperatures. There appears to be no correlation of model accuracy for the
middle sized droplets with air temperature. For increasing air flow rate, the difference
between model and experiment for the middle sized droplets is positive and decreasing

for the lower air flow rates and negative and increasing for the higher air flow rates.

In regards to conduit length (Figure 6-19) the difference between model and
experimental results for the middle droplet sizes is similar for both lengths apart from
the trial where the air flow rate was 15 lpm. In this case the difference is significant

(11% compared to -2%).

For the larger droplet sizes (represented by the D1v90) Figure 6-20 shows that the model
is over predicting the changes in droplet size. As noted in the previous section it appears
that the large droplets are physically disappearing from the droplet distribution (not
evaporating) as they travel along the conduit. If indeed this is the case then the
experimental value of Dv90 will be artificially lowered and explains why the model is
over predicting this value. The effect decreases at higher air flow rates, that is, the
model becomes more accurate for predicting the effect on the larger droplet sizes at the

higher air flow rates. There appears to be little or no correlation with temperature.

Regarding conduit length Figure 6-21 the differences between model and experiment

for the larger droplet sizes are relatively small.

In the previous two sections, results from water droplet evaporation trials have been
presented and compared with results from the theoretical models. This has shown in
general that the evaporation behaviour of the water droplets is as expected in terms of
the amount of water evaporated and in terms of changes to the droplet size distribution.
Comparison of the experimental results with corresponding theoretical model results
have generally been good and discussion on reasons for some of the larger differences

are presented in Chapter 7.
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Figure 6-18: Comparison between experimental and theoretical results with respect
to air temperature and air flow rate: middle droplet sizes (Dv50)
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Figure 6-19: Comparison between experimental and theoretical results with respect
to conduit length and air flow rate: middle droplet sizes (Dv50)
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Figure 6-20: Comparison between experimental and theoretical results with respect
to air temperature and air flow rate: larger droplet sizes (Dv90)
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Figure 6-21: Comparison between experimental and theoretical results with respect
to conduit length and air flow rate: larger droplet sizes (Dv90)
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6.6 Ultrasound enhanced evaporation

The aim of this part of the investigation is to provide insight into the ultrasound
enhanced evaporation process, to quantify the improvement in droplet evaporation as
a result of the imposed ultrasound field and to investigate the validity of the theoretical

model.

In the following three sections the experimental and theoretical results are presented

from the investigation of the ultrasound enhanced evaporation process.

In the next section, experimental results reported in the literature for an increase in
water evaporation due to an imposed ultrasound field are compared with those

generated from the theoretical model.

In section 6.8, the experimental results from the ultrasound enhanced evaporation
process are compared to corresponding experimental results for the normal
evaporation process. The effect of air flow rate and ultrasound power level on the

amount of water evaporated and the droplet size distribution are presented.

And finally in section 6.9 the initial and boundary conditions for each experimental trial
were also entered into the ultrasound enhanced droplet evaporation model described
in Chapter 4 and comparative values for the droplet size distribution, distribution
parameters and amount of water evaporation were determined. These were compared

to the corresponding experimental results.

6.7 Comparison with the literature

Although the use of an acoustic field to enhance the evaporation of water in a variety of
different situations has been reported in the literature [111, 115, 121, 151-153], very
few were in situations comparable to that being investigated in the current work. The
situation investigated in this work is comprised of an ultrasound field applied to a poly-
dispersion of many droplets evaporating into air flowing along a conduit. As discussed
in Chapter 2, in most other cases the sound field was applied to single, large (mm size
range) droplets and in most cases the acoustic field used was not in the ultrasound
region. In cases where an ultrasound field was used, its main purpose was to levitate
the one or two large droplets and then to investigate the evaporation due to the acoustic

streaming flows, generated by the ultrasound field, around these droplets.
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However experimental data was available for the drying of various vegetable pieces in a
power ultrasound environment, similar to the physical situation modelled in this work
[117]. As described in Chapter 2 the effect of the ultrasound field on water evaporation
from the vegetable pieces was found to be in two areas. Firstly the ultrasound field
affects the diffusion of water from inside the solid vegetable pieces to the surface of the
solid. Secondly the ultrasound field affects the transport of water vapour from the solid
surface to the air through proposed mechanisms of pressure variations, reduced
boundary layer thickness, oscillating air velocities and micro-streaming. It is this latter
effect that is applicable to the process of evaporation being investigated in the current
study. Thus if the effect of the ultrasound on the water evaporation from the surface of
the vegetable pieces to the air can be quantified this data could be compared with
results from the ultrasound enhanced model. Results from the model would be
estimates rather than accurate values nevertheless they are indicative values which

could be used as terms of reference for comparison.

6.7.1 Power ultrasound drying results

In the research investigating the effect of an ultrasound field on vegetable drying
detailed in Chapter 2, a ‘mass transfer coefficient’, K (units kg/m?/s) was determined.
This coefficient quantifies the magnitude of the water vapour transport from the surface
of the vegetable pieces to the air. It was discovered that generally, the magnitude of
this external mass transfer coefficient increased with increasing intensity of the
ultrasound field. In that research, values of K were determined for a variety of different
situations (ultrasound power levels, air flow rates, vegetable packing densities etc) for a
variety of different vegetable types. Table A 1 to Table A 7 in Appendix 2 show the
results from this research for different vegetable types subject to air flowing through
the cylinder at a velocity of 1 m/s and inlet temperature of 40°C. Although different
ultrasound intensities inside the cylinder were investigated only the results from the
maximum ultrasound power intensity of 37 kW/m3 are shown. Three parameters are
extracted from their data that indicate the rate of water evaporation from the vegetable
pieces: the overall drying time (to a pre-set moisture content for the vegetable pieces),
the initial moisture removal rate and the mass transfer coefficient, K. These are shown
in the tables for each vegetable type for the case of no applied ultrasound and for the

case of maximum applied ultrasound (37 kW/m?3). To quantify the effect of the
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ultrasound field on the water evaporation and for comparison with the outputs from
the model of the current work, improvement factors are defined in this work. In the

case of overall drying times the improvement factor is defined as

_ drying time with NO ultrasound

[Fime = -
ime 7 drying time WITH ultrasound (6-6)
In the case of initial drying rates, the improvement factor is defined as
initial drying rate WITH ultrasound
rate — ( 6'7)

initial drying rate with NO ultrasound
In the case of the mass transfer coefficient, K, the improvement factor is defined as

IF mass transfer coefficient WITH ultrasound
k

_ 6-8
mass transfer coefficient with NO ultrasound (6-8)

These factors were calculated from the extracted data and are also tabulated in
Appendix 2. Figure 6-22 plots the three improvement factors determined for each
vegetable type. Note, for strawberry [120] the experimental conditions are slightly
different (air velocity is 2 m/s and ultrasound power is 25 kW/m?). Note also, mass

transfer coefficients were not determined in the carrot and lemon peel studies [118].

Improvement in water evaporation due to ultrasound
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Figure 6-22: Improvement in water evaporation from vegetable pieces due to the
application of an ultrasound field - Experimental data.
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From Figure 6-22 it can been seen that the value of the improvement factor varies
greatly with vegetable type. Vegetables with a porous solid structure tend to have a
large improvement factor (for example, eggplant) and vegetables with a denser solid
structure (for example, potato and carrot) tend to have lower improvement factors. It
can also be seen that the three different improvement factors are reasonably consistent
for a specific vegetable type. The overall drying time figures in Table A 1 to Table A 7 in
Appendix 2 depend on both the water diffusion through the solid as well as the water
mass transfer from the surface of the solid to the air whereas the mass transfer
coefficient (K) figures in those same tables depend only on the latter effect. Yet the two
improvement factors based on these different parameters are similar for a specific
vegetable type. This means that whatever data is available (external mass transfer
coefficient, initial evaporation rate, or just the overall drying times) that data can be

used to estimate the effect of the ultrasound on the external mass transfer coefficient.

The improvement factor, generally, ranges from 1.15 for the denser vegetables to 3.5
for the more porous vegetables. On average, the improvement factor in the external
mass transfer coefficient is around 1.5 across all vegetable types. This corresponds to
an improvement of around 50% in the water evaporation from the surface of the
vegetable pieces as a result of the ultrasound field. These results can now be compared
to equivalent results generated from the theoretical ultrasound enhanced evaporation

model.

6.7.2 Comparative model outputs

This part of the experimental investigation compares outputs from the theoretical
ultrasound enhanced evaporation model with the published experimental data detailed
in the previous section. To achieve this it is necessary to set up the model and its inputs
to match as closely as possible the physical situation described in the vegetable drying
research. The small pieces of vegetable from that research are physically and
thermodynamically different from the droplets of water being studied in this
investigation. However, the effect of the ultrasound field on heat transfer and water
transport between the air and the surface of the droplets should be the similar to that
between the air and surface of the vegetable pieces. In a similar way for the vegetable

pieces, it is expected that the ultrasound field will reduce the convective boundary layer,
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generate pressure and air velocity variations over the droplet surfaces and cause micro-

streaming [119] thus enhancing both heat and mass transfer for the water droplets.

For comparison purposes the ultrasound enhanced evaporation model was set up with
input data taken from measured input data in earlier trials of the apparatus described
in section 6.3. While the input water droplet flow rate was held approximately constant,
the air flow rate was varied to give a variance in the ratio of air to water droplets flowing
along the tube. This being roughly analogous to the different vegetable types (hard and
soft). Two parameters are calculated in the model in order to determine the effect of
the ultrasound field on the evaporation of the water droplets. Firstly, the amount of
water evaporated over a set distance along the conduit is determined and secondly the
time taken for the air and water droplets to reach equilibrium is also determined. Here,
equilibrium is defined as either all of the droplets evaporating or the relative humidity
of the air surrounding the droplets reaching unity and the temperatures of the droplets
and air becoming equal. These two parameters, drying time and time to equilibrium,
were determined for the case of no ultrasound and for the case of an applied ultrasound
field. It was reported in the vegetable drying research that the maximum ultrasound
power of 37 kW/m? generated an SPL of around 154.5 dB of pressure inside the cylinder
and this value was used in the model to determine the magnitude of air oscillation of

the ultrasound field.

Table A 8 and Table A 9 in Appendix 2 show the amount of water evaporated over two
different distances (245 mm and 340 mm) and the time taken to reach equilibrium for
air at different velocities and temperatures. To quantify the effect of the ultrasound
field on the water evaporation from the droplets and for comparison with the
experimental results generated in section 6.3, improvement factors are defined. In the
case of the amount of water evaporated over a set distance, the improvement factor is

defined as

amount evaporated with NO ultrasound
[Fyme =

6-9
amount evaporated WITH ultrasound (6-9)

And in the case of time to reach equilibrium, the improvement factor is defined as

time to reach equilibrium with NO ultrasound
IFtime =

6-10
time to reach equilibrium WITH ultrasound ( )
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These improvement factors were calculated and are presented in Table A 10 in Appendix
2 and plotted in Figure 6-23. Thus, this graph shows the improvement in water
evaporation due to the presence of an ultrasound field of similar intensity as to that
used in the generation of the experimental data in section 6.7.1. When considering the
times to equilibrium for the theoretical model these improve by a factor of around 1.22
(or 22%) except for the low air flow rate case (6.4 I[pm) where the improvement factor
is around 1.6 or 60%. This larger value for the low air flow rate is probably due to the
longer residence time for the droplets in the tube, that is, longer exposure to the
ultrasound field. When considering the amount of water evaporated over a fixed
distance in the conduit, the improvement factors are somewhat less at around 1.03 or

3%.

Improvement factor (in evaporation due to
ultrasound)
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Figure 6-23: Improvement in water evaporation due to presence of ultrasound field
- Theoretical Model

6.7.3 Remarks - comparison with the literature

The improvement factor determined from the time to equilibrium for the theoretical
model was found to be on average about 1.2 (or 20%). This compares favourably with
the improvement factors for water evaporation presented in the previous section
(Figure 6-22) at around 1.5 (or 50%). Thus, the theoretical model is giving a good
indication of the enhancement of the water evaporation from the water droplets in this

current study.
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6.8 Variables affecting improvement in evaporation

In this section results are presented for the case of an ultrasound field imposed on the
water droplets evaporating in air as they flow along a conduit. Results presented focus
on the effect of air flow rate and ultrasound power level on the amount of water
evaporated and on changes to the droplet size distribution over the length of the

conduit.
Results were generated from trials detailed in Chapter 5 for the following different cases

e Airflow:6, 8, 10,12, 15, 18, 20 Ipm
e Ultrasound Power level: 2, 5, 7, 10, 12, 15, 17, 20 W at a frequency of 21.7 kHz

The conduit tube length remained constant at 300 mm (could not be altered) and the

inlet air temperature was kept approximately constant at ambient conditions.

In each trial the experimental parameters noted in Chapter 5, Table 5.1 were measured
and recorded in accordance with the procedures laid out in that chapter. Raw results for

each case are a provided in the Appendix 4 and include:

e Amount of water evaporation (measured in terms of the moisture content,
specific humidity, of the air at the inlet and outlet).

e Table of size distribution parameters: Dv10, Dv50, Dv90, Span, D[3,2], D[4,3]
(at both inlet and outlet)

e Graph of droplet size distribution: % Volume versus droplet diameter at inlet and

at outlet

6.8.1 Amount of water evaporated

As detailed in the section 6.4.1 the % difference in specific humidity in the air stream
between the inlet and outlet of the conduit is a measure of the amount of water that
has evaporated. Since the inlet water flow and inlet air specific humidity is relatively
constant in each trial, comparing just the specific humidity in the air outlet stream when
the ultrasound field is off and when it is on will give an indication of the improvement in
evaporation as a result of the ultrasound field. The specific humidity of the air at the
outlet of the conduit is shown in the following two tables. Table 6-4 shows values for
the specific humidity when the ultrasound field is turned off and Table 6-5 shows values,

for the same trials, when the ultrasound field is turned on.
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The percentage difference between the values in these two tables is then calculated for

each trial according to

Wout]et, USon — Wout]et, US off

A% w = X 100% (6-11)

Woutlet, US off

These percentage difference values are shown in Table 6-6 and plotted in Figure 6-24
and Figure 6-25. Figure 6-24 plots the values against air flow rate for each ultrasound
power level and Figure 6-25 plots the percentage differences vs ultrasound power level
for each air flow rate. The percentage difference plotted in these graphs is a measure of

the improvement in evaporation due to the presence of the ultrasound field.

Table 6-4: Measured Specific Humidity of air (g/kg) at conduit outlet. Ultrasound

OFF
Air flow Ultrasound Power (W)
rate (Ipm) 2 5 7 10 12 15 17 20

6.5 13.13 12.60 1225 12.84 1271 12.66 13.48 12.34
8 12.13  12.00 11.43 12.38 1240 1227 14.00 12.42
10 11.57 1157 1098 12.08 11.86 11.67 12.90 12.43
12 10.78 11.07 1051 11.56 11.58 11.19 12.14 11.35
15 10.15 10.53 10.19 10.82 10.66 10.59 1131 10.95
18 961 979 960 10.16 1009 9.78 10.54  10.40
20 935 938 935 98 976 942 1024 9.94

Table 6-5: Measured Specific Humidity of air (g/kg) at conduit outlet. Ultrasound ON

Ultrasound Power (W)

Air flow
rate (Ipm) 2 5 7 10 12 15 17 20

6.5 13.94 1345 13.69 1425 1448 1465 1598 14.32
8 12.77 13.08 12.84 14.09 1455 1465 16.81 15.02
10 11.82 12.12 1170 13.68 1427 1422 16.08 15.01
12 11.02 1149 1128 13.09 13.82 1345 1534 14.57
15 10.25 11.00 10.67 11.86 11.62 11.80 13.46 13.43
18 973 1001 9.97 10.83 10.88 10.59 11.60 11.99
20 939 955 950 1043 1057 10.15 10.95 10.68
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Table 6-6: Change in Specific Humidity of air (g/kg) at conduit outlet as a result of
the imposed ultrasound field.

Ultrasound Power (W)

Air flow
rate (Ipm) 2 5 7 10 12 15 17 20
6.5 6.2% 67% 11.8% 11.0% 13.9% 15.7% 18.6% 16.0%
8 53% 9.0% 12.3% 13.8% 17.3% 19.4% 20.1% 21.0%
10 22% 47%  6.6% 132% 203% 21.9% 24.6% 20.7%
12 23% 3.9% 7.3% 13.3% 19.4% 202% 26.3% 28.4%
15 1.0% 44% 47% 9.6% 9.0% 11.4% 19.0% 22.7%
18 12% 2.2% 3.8% 6.6% 7.8% 83% 10.0% 15.3%
20 04% 18% 15% 6.1% 83% 7.7% 7.0% 7.4%

From the above Tables and from Figure 6-24 it can be seen that the application of the
ultrasound field has had a significant effect on the evaporation of water from the
droplets into the airstream. This improvement in evaporation ranges from around 0.5%
up to 28% depending on air flow rate and power level. Generally, the higher the
ultrasound power level, the greater the improvement in evaporation. For the lower
ultrasound power levels (< 10 W) an increase in air flow rate reduces the improvement
and for the higher power levels (>10 W) the improvement peaks at an air flow rate of

around 10 to 12 lpm.

Figure 6-25 confirms the trend that the higher ultrasound power levels give greater
improvement in water droplet evaporation. It also shows that at any particular air flow
rate, increasing the ultrasound power level will increase the evaporation of water from
the droplets. It also confirms that at the higher power levels the improvement peaks at

an air flow rate of around 10 to 12 Ipm.

It was also noted on inspection of the apparatus after each trial that for certain trials
there were droplets of water attached to the inside walls of the conduit. At each
ultrasound power level a critical air flow rate was found such that droplets of water were
present on the walls for air flows below this critical value. Table 6-7 lists values of the
critical air flow rate for each input ultrasound power level. It was not possible to
determine the mass of water that was held up in the apparatus under these conditions

however at a given power level it was greater at the lower air flow rates.
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Effect of Ultrasound on Air Sp. Humidity
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Figure 6-24: Percent change in Specific Humidity at conduit outlet as a result of the
ultrasound field, at various power levels - vs air flow rate.
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Figure 6-25: Percent change in Specific Humidity at conduit outlet as a result of the
ultrasound field, at various air flow rates - vs ultrasound power level.
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It is clear from Table 6-7 that at the lowest air flow rates (6.5 and 8 Ipm) there was some
hold up of water in the apparatus for all ultrasound power levels. Also, the hold up of
water increased as the ultrasound power level increased. Although this hold up of water
would have affected the overall water balance for each trial, it did not affect the
measurement of the water vapour in the air at the outlet of the conduit. That is the
calculation of the improvement in water evaporation presented at the beginning of this

section is still valid.

Table 6-7: Critical air flow rates for water
droplet hold up in the apparatus

Ultrasound Critical air
Power Level flow rate
(W) (Ipm)
2 8
5 10
7 10
10 12
12 12
15 15
17 15
20 15

It was also noted that power levels higher than 25 W and air flow rates greater than
15 Ipm that there were no droplets visible at all at the conduit outlet and there was no
holdup of droplets in the conduit (sonotrode). Under these conditions complete

evaporation of the droplets was occurring over the length of the conduit.

6.8.2 Changes to the droplet size distribution
It was expected that the changes to the droplet size distribution as a result of an imposed
ultrasound field would be an enhancement of the changes resulting from normal

evaporation. These latter changes have been presented in section 6.4.2.

Figure 6-26 and Figure 6-27 show typical changes to the droplet size distribution when
the evaporating droplets and air are subject to an ultrasound field. In this case the input
power to the device generating the ultrasound field is 5 W and the air flow rates are

8 Ipm and 18 Ipm respectively for the two graphs.
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Droplet size distributions - Effect of Ultrasound
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Figure 6-26: Droplet size distributions, low air flow
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Figure 6-27: Droplet size distributions, high air flow
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The blue curve represents the droplet size distribution at the inlet to the conduit and
the red curve represents the distribution at the outlet of the conduit, under normal
evaporation conditions. The purple curve represents the droplet size distribution at the

outlet of the conduit when the ultrasound field is turned on.

In the low air flow case the change in droplet size distribution at the outlet of the conduit
when the ultrasound field is applied is marked when compared to the normal
distribution at the outlet. The distribution has shifted significantly to larger droplet
sizes. In the case of higher air flow the change in size distribution at the outlet as a result

of the ultrasound field is still apparent but not so marked.

Although the change in droplet size distribution is marked in the low air flow case the
corresponding improvement in evaporation is only modest at 5.3% improvement. A

thorough discussion of these results is provided in Chapter 7.

To investigate the changes in the outlet droplet size distribution in more detail, as a
result of the ultrasound field, the size distribution parameters Dv10, Dv50 and Dv90
representing the smaller , middle sized and larger droplets respectively are again
considered. The values for these parameters, recorded for each trial in Appendix 4, were
used to determine a percentage difference for that parameter at the outlet of the
conduit. The difference being between the value of the parameter with the ultrasound
field turned off and with the ultrasound field turned on. The percentage difference in

the Dv10 parameter, for example, is calculated as

A% Dv10 = Dvlooutlet, USon — DVloout]et’ US off

X 100% 6-12
Dvlooutlet, US off ( )

These percentage differences, for each parameter, were then used to produce Figure

6-28 to Figure 6-33

Figure 6-28 shows the effect of the ultrasound field on the smaller droplets (Dv10) in
the distribution at the outlet of the conduit for various ultrasound power levels versus
air flow rate. In all cases except one the ultrasound field has increased the value of Dv10
significantly compared to normal evaporation. Positive changes range from 10% to over
300%. This means that there is a lower volume percentage of the smaller droplets
present in the distribution at the outlet of the conduit as a result of the imposed
ultrasound field. The reasons for this could be due to evaporation of those droplets or

other effects discussed in Chapter 7.
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Figure 6-28: Percent change in Dv10 at conduit outlet as a result of the ultrasound
field, for various power levels - vs air flow rate
Although results for some trials (for example, 17 W and 10 W) show high variance the
general trend is that the change in Dv10 decreases with increasing air flow rate for a
specific ultrasound power level. Also, the effect of the ultrasound on Dv10 is greater at

higher ultrasound power levels.

Figure 6-29 shows the same information plotted at various air flow rates versus
ultrasound power level. This shows that at a specific air flow rate, increasing the power
level tends to increase the positive change in Dv10, that is, decrease the volume

percentage of smaller droplets in the distribution.

Figure 6-30 shows the effect of the ultrasound field on the middle of the droplet size
distribution (Dv50) at the outlet of the conduit for various ultrasound power levels
versus air flow rate. In all cases the ultrasound field has increased the value of Dv50
significantly compared to normal evaporation although not as greatly as for the smaller
droplets. Changes range from 1% to just under 180%. This means that, at the outlet of
the conduit, there is a lower volume percentage of smaller droplets present in the
distribution and possibly a greater volume percentage of larger droplets in the
distribution as a result of the imposed ultrasound field. The reasons for this could be
due to evaporation of the smaller droplets and other effects discussed in Chapter 7. The

general trend is similar to that for the changes to the smaller droplets (Dv10), that is
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the Dv50 decreases with increasing air flow rate for a specific ultrasound power level.

The effect of the ultrasound on Dv50 is greater at higher ultrasound power levels.
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Figure 6-29: Percent change in Dv10 at conduit outlet as a result of the ultrasound
field, for various air flow rates - vs ultrasound power level
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Figure 6-30: Percent change in Dv50 at conduit outlet as a result of the ultrasound
field, for various power levels - vs air flow rate
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Figure 6-31 shows the same information plotted at various air flow rates versus
ultrasound power level. This shows that at a specific air flow rate, increasing the power
level tends to increase the change in the middle sized droplets in the distribution, which
is the middle of the distribution is at a larger droplet size. This could be due to a lower
percentage volume of the smaller droplets (as shown considering the Dv10 above) or
possibly a greater volume percentage of the larger droplets. The increase in Dv50 is
more consistent at the higher air flow rates (15, 18 and 20 Ipm). At the lower air flow
rates the changes in Dv50 tend to fluctuate somewhat with increasing ultrasound

power level.
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Figure 6-31: Percent change in Dv50 at conduit outlet as a result of the ultrasound
field, for various air flow rates - vs ultrasound power level
Figure 6-32 shows the effect of the ultrasound field on the larger droplet sizes (Dv90)
at the outlet of the conduit for various ultrasound power levels versus air flow rate. In
all cases the ultrasound field has increased the value of D190 significantly compared to
normal evaporation to almost the same degree as for the middle of the distribution
(Dv50). Changes range from 0% to just under 160%. This means that, at the outlet of
the conduit, there is a greater volume percentage of larger droplets present in the
distribution as a result of the imposed ultrasound field. The level of change for these
larger droplets is unexpected and indicates that the ultrasound field is having effects on

the distribution other than just enhancing the evaporation. For example some
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coalescence could be occurring and this is discussed in more detail in Chapter 7. The
general trend is similar to that for the changes to the smaller droplets (Dv10) and for
the Dv50 that is, the Dv90 decreases with increasing air flow rate for a specific
ultrasound power level. Also, the effect of the ultrasound on Dv90 is greater at higher

ultrasound power levels.
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Figure 6-32: Percent change in Dv90 at conduit outlet as a result of the ultrasound
field, for various power levels - vs air flow rate
Figure 6-33 shows the same information plotted at various air flow rates versus
ultrasound power level. The trend is very similar to that for the smaller droplets and to
that for the middle of the distribution, that is, at a specific air flow rate, increasing the
power level tends to increase the volume percentage of larger droplets in the
distribution. As for the Dv50 the increase in Dv90 is more consistent at the higher air
flow rates (15, 18 and 20 Ipm). At the lower air flow rates the changes in Dv90 tend to

fluctuate somewhat with increasing ultrasound power level.

This confirms that the change in Dv50 (increase) is due to the changes in Dv10 (less
smaller droplets) and to the changes in the Dv90 (more of the larger droplets). The
combination of these effects is to shift the droplet size distribution to larger droplet sizes

as clearly shown in Figure 6-26. These changes are discussed more fully in Chapter 7.
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Figure 6-33: Percent change in Dv90 at conduit outlet as a result of the ultrasound
field, for various air flow rates - vs ultrasound power level
In this section the results show that the ultrasound field has had a marked effect on the
sizes of droplets in the distribution at the outlet of the conduit. The ultrasound field has
caused the distribution to shift to larger droplet sizes and this effect is most prominent
at lower air flow rates and higher ultrasound power levels. These changes are much
greater than that indicated by the increased amount of water evaporated from the
droplets as presented in the previous section (6.8.1). It is apparent that the ultrasound
field is having other effects on the droplets apart from just enhancing their evaporation.
The ultrasound field may be causing droplet coalescence and this is discussed more fully

in Chapter 7.

6.9 Comparison with model results

As stated in section 6.6 the initial and boundary conditions for each ultrasound
enhanced evaporation trial were also entered into the ultrasound enhanced droplet
evaporation model (described in Chapter 4). Thus values for the amount of water
evaporation, changes to the droplet size distribution, and changes to the size
distribution parameters were determined from the model for comparison with the

experimental results. Areasonable correlation between experimental and model results
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would give confidence in the theoretical ultrasound enhanced evaporation model as a

predictive tool.

Similar to the poly-disperse droplet evaporation model, the mass accommodation
coefficient and the thermal accommodation coefficient, a,,, and a;, respectively are also
two of the inputs to the ultrasound enhanced evaporation model as detailed in Chapter
4. As for the poly-disperse model (see the introduction to section 6.5) values of 0.04 and
0.001 for mass and thermal accommodation coefficients have been used (for

comparison purposes) in the ultrasound enhanced evaporation model.

6.9.1 Amount of water evaporated

In each of the poly-disperse droplet evaporation trials the inlet water flow, and inlet air
specific humidity is relatively constant and this is the same for the ultrasound enhanced
evaporation trials. Thus comparing just the specific humidity in the air outlet stream
between the experimental and theoretical cases will give an indication of the accuracy
of the theoretical model in terms of the amount of water evaporated. The percentage
difference in outlet air specific humidity for the experimental cases and corresponding
theoretical cases was determined from the raw results in Appendix 4 according to

equation ( 6-4).

These values are presented in Figure 6-13 and Figure 6-14. It is immediately apparent
that there are significant differences between the experimental amount of water
evaporated and that being predicted by the theoretical model. The model is under-
predicting the amount of water evaporated for the ultrasound enhanced evaporation
trials. Error values range between 25% and 54%. It is possible that the ultrasound field,
in practice, is having additional effects on the evaporating water droplets other than
those included in the theoretical model. These effects are discussed in Chapter 7. It
should also be noted that the results from the theoretical model are very similar, no

matter what values of the accommodation coefficients (a,, and a;,) are used.

From Figure 6-34 the error between experimental results and theoretical model results
in terms of water evaporation decreases with increasing air flow rate at a particular

power level. Also, the error is least at the lower power levels.
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From Figure 6-35 it can be seen that at a particular air flow rate the error between model
and experiment increases slightly with increasing power level. Also, the error is least at

the higher air flow rates. These results are discussed in detail in Chapter 7.
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Figure 6-34: Amount of water evaporated: Comparison between experimental and
theoretical results for various ultrasound power levels vs air flow rate

% Difference in Air Sp. Humidity between Expt. And Model

0.0%
2 4 6 8 10 12 14 16 18 20

-10.0%

. —8—6.5Ipm
Z -20.0%
= —8—38Ipm
£
2 101pm
I- -30.0%
s ’ —e—121pm
% —8—15Ipm
-
-40.0%
= ’ 181pm
—8—201Ipm
-50.0%

-60.0%
Power (W)

Figure 6-35: Amount of water evaporated: Comparison between experimental and
theoretical results for various air flow rates vs ultrasound power level.
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6.9.2 Droplet size distribution and parameters at outlet

By considering the droplet size distribution generated by the ultrasound enhanced
theoretical model and comparing it to the experimentally measured droplet size
distribution for each trial it is possible to see if the model is more or less accurate for

predicting evaporative changes to the different droplet size ranges.

Consider Figure 6-36 and Figure 6-37. These are for the same trials as Figure 6-26 and
Figure 6-27 respectively but now also show the theoretical droplet size distribution data,
at the outlet of the conduit (in addition to the inlet and experimental outlet droplet size
distributions). The orange lines represent the theoretical model output for
accommodation coefficients of a,, = a, = 0.04 and the light blue lines represent the
theoretical model output for accommodation coefficients of «a, = a;, = 0.001 .
Comparing these two lines with the experimental droplet size distribution (purple lines)

at the outlet of the conduit shows that:

e For low air flow rates the theoretical model using accommodation coefficients
ay, = a, = 0.001 or = 0.04 do not accurately represent the changes in droplet
size distribution.

e At higher air flow rates the theoretical model becomes more accurate.

These observations can be examined in more detail by again considering the size
distribution parameters: the Dv10, Dv50, and Dv90 for all trials. The values for these
parameters were recorded for each trial in Appendix 4 and are used to determine a %
Difference for that parameter between the experimental outlet and theoretical model

outlet droplet size distributions.

Although there are some differences in the values of the theoretical parameters
generated by the model depending on what value of the accommodation coefficient is
used, the differences are small. In the following results the theoretical values for each
parameter have been generated using accommodation coefficients of 0.001. The
percentage difference in the Dv10 parameter, for example, is calculated using equation
( 6-5). These percentage differences, for each parameter, were then used to produce

Figure 6-38 to Figure 6-43.
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Figure 6-36: Comparison between experimental and theoretical (model) outlet
droplet size distributions - typical case, low air flow rate
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Figure 6-37: Comparison between experimental and theoretical (model) outlet
droplet size distributions - typical case, high air flow rate
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Figure 6-38 shows that for the smaller droplet sizes the difference between the
experimental result and the theoretical result is quite large. Apart from some trials
showing high variance in their results (for example, for the 7 and 15 W trials) the errors

generally range between 0 and -85%.

This means that the model is under-predicting evaporation characteristics of the smaller
droplets. Thus there are less of the smaller droplets in the experimental size distribution
compared to that predicted by the model. The model is most accurate for high air flow
rates and lower ultrasound power levels. The possible reasons for this are discussed in
Chapter 7. For a given ultrasound power level the accuracy of the model tends to
improve with increasing air flow rate. Also, model results at lower ultrasound power

levels, for the smaller droplets, are more accurate.
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Figure 6-38: Comparison between experimental and theoretical outlet distributions
- smaller droplet sizes (Dv10) for various ultrasound power levels vs air flow rate

Figure 6-39 shows results from some of the high air flow rate trials with a high variance.
However, for a given air flow rate the accuracy of the model generally decreases with

increasing power level for the smaller droplets.
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Figure 6-39: Comparison between experimental and theoretical outlet distributions
- smaller droplet sizes (Dv10) for various air flow rates vs ultrasound power level

Figure 6-40 shows that in the case of the Dv50, which represents the middle of the
droplet size distribution, the model is generally under-predicting its value in the droplet
size distribution at the outlet of the conduit. The value of the Dv50 is affected by
changes in the % volume of the smaller and larger droplet sizes combined. Since the
value of the Dv50 in the experimental droplet size distribution is generally higher than
that predicted by the model it shows that there is probably a lower percentage volume
of the smaller droplets and a higher percentage volume of the larger droplets in the
experimental trials. Comparing Figure 6-40 to Figure 6-38 shows that the accuracy of the
model for the middle droplet sizes is a little better than for the smallest droplet sizes
(Dv10). Differences between experiment and model results range between +3% and -
66%. Asfor the smaller droplets, accuracy is best for high air flow rates and lower power
levels, where differences are less than -20%. At a given ultrasound power level the
accuracy of the model, for the middle droplet sizes, tends to improve with increasing air

flow rate. Also, model results at lower ultrasound power levels are more accurate.

Figure 6-41 shows some high variance in results but generally for a given air flow rate
the accuracy of the model, for middle droplet sizes, decreases with increasing power

level. The model tends to be more accurate at the higher flow rates.
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Figure 6-40: Comparison between experimental and theoretical outlet distributions
- middle droplet sizes (Dv50) for various ultrasound power levels vs air flow rate
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Figure 6-41: Comparison between experimental and theoretical outlet distributions
- middle droplet sizes (Dv50) for various air flow rates vs ultrasound power level
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For the larger droplet sizes Figure 6-42 shows that the model tends to under-predict the
value of the Dv90. This is similar to the results for the Dv10 and for the Dv50. In the
case of the Dv90, under prediction of its value means that is there is a greater volume
percent of the larger droplets in the experimental droplet size distribution at the outlet
of the conduit compared to what the model is predicting. Comparing Figure 6-42 with
Figure 6-40 shows that the accuracy of the model for the larger droplet sizes is a little
better again than for the middle sized droplets (Dv50). Differences between experiment
and model results range between +9% and -57%. As for the smaller and middle sized
droplets, accuracy is best for higher air flow rates and lower power levels, where
differences are less than +/-10%. . At a given ultrasound power level the accuracy of the
model, for the larger droplet sizes, tends to improve with increasing air flow rate. Also,

model results at lower ultrasound power levels are more accurate.
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Figure 6-42: Comparison between experimental and theoretical outlet distributions
- larger droplet sizes (Dv90) for various ultrasound power levels vs air flow rate

Figure 6-43 shows some high variance in results but generally for a given air flow rate
the accuracy of the model, for middle droplet sizes, decreases with increasing power

level. The model tends to be more accurate at the higher flow rates.

In this section the experimental results from the ultrasound enhanced evaporation trials

have been compared with results from the theoretical ultrasound enhanced
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evaporation model. The amount of water evaporated and changes to the droplet size
distribution were considered. Generally there are large differences between the
experimental results and the equivalent model results and this indicates that there are
factors appearing in the experimental trials that may not be allowed for in the

theoretical model. These factors are discussed in detail in the next Chapter.
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Figure 6-43: Comparison between experimental and theoretical outlet distributions
- larger droplet sizes (Dv90) for various air flow rates vs ultrasound power level

6.10 Closure

This chapter presents the results of the experimental and theoretical investigation into
the improvements in evaporation of water droplets into air flowing along a conduit as a
result of an imposed ultrasound field. It shows that the imposed ultrasound field does
in fact improve the evaporation characteristics of the droplets. It also shows that the
mono-disperse and poly-disperse models generally are able to predict normal
evaporation characteristics reasonably well. The ultrasound enhanced model is able to
give reasonable predictions of evaporation performance in some circumstances. When
the ultrasound power levels are high and air flow rates are low, other factors are
influencing the evaporation process and so the model results differ significantly from

experimental results in those situations.
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Chapter 7 - Discussion and Conclusions

7.1 Introduction

This chapter discusses in detail the results from the experimental and theoretical
investigation presented in Chapter 6. The section headings in this chapter generally
match the section headings in Chapter 6. Thus, from this chapter, reference from the

discussion can be easily made to the relevant results in Chapter 6.

Firstly results from the initial investigation of the mono-disperse droplet evaporation
model are discussed. This part of the investigation shows that the results from the
mono-disperse model compare very well with overall theoretical heat and mass
balances as well as theoretical results from another model and experimental data

reported in the literature.

Secondly results from the experimental and theoretical investigation of the evaporation
of water droplets flowing along a conduit (no ultrasound field present) are discussed.

This also shows reasonable a reasonable comparison between model and experiment.

Finally results from the experimental and theoretical investigation of ultrasound
enhanced evaporation are discussed. Differences between model and experiment are

shown to be due to additional effects not accounted for in the model.

A section is included outlining the significance, innovation and contribution of this work

followed by a detailed conclusion and discussion of possibilities for future investigation.

7.2 Mono-disperse droplets - Model validation

The mono-disperse evaporation model was developed in the early stages of the research
as a pre-cursor to the more complex but realistic poly-disperse evaporation model. The
results presented in Chapter 6 show generally that the mono-disperse evaporation
model accurately predicts the evaporation characteristics for theoretical mono-disperse

droplet size distributions.

7.2.1 Comparison with theoretical overall mass and energy balances

Differences between the model and the theoretical overall mass and energy balances
were very small (< 3% in all cases and < 1% for many cases). The larger errors occurred

where the ratio of water droplets to air was close to the value required to just saturate
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the incoming air. Although this was a comparison of a theoretical result with another
theoretical result it did show that there were no anomalies or errors in the equations
used in the model. It also showed that there were no errors in the implementation of
those equations in MATLAB and thus it would serve as a good foundation for the

implementation of the poly-disperse model.

7.2.2 Comparison with results from the literature

The mono-disperse model was also compared to results for final droplet size from an
alternative model and experimental results reported in the literature [59]. When the
correction factor, that was used by the authors in the literature model, was applied to
the mono-disperse model in this work the results generated for final droplet size were

almost identical to the literature model.

Experimental results from the same study for the final droplet sizes fell in between the
two cases of isothermal and adiabatic boundary conditions generated by the mono-
disperse droplet model for lower ratios of water droplets to air as shown in Figure 6-3.
(The ratio of water to air is not shown in the results in Chapter 6 but can be seen in Table
2 of reference [59]). This is as expected as real experimental conditions will in fact most
likely be somewhere between isothermal and adiabatic boundary conditions. However
when the ratio of water to air is higher both cases of isothermal and adiabatic boundary
conditions in the mono-disperse model predict smaller final droplet sizes than what was
measured experimentally. Itis possible that when the water droplet to air ratio is higher,
then, in the experimental set up used by those researchers [59], the droplet/air mixture
had not reached evaporative equilibrium prior to deposition on the stages of the impact
sizing device used to measure the median droplet diameter. Since the mono-disperse
model assumes evaporation has reached equilibrium, the results from the impact sizing
device would therefore be larger than that predicted by the mono-disperse model for

this data as seen in Figure 6-3.

An alternative conclusion can be drawn from the results shown in Figure 6-3, if it is
assumed that all of the experimental results represent equilibrium droplet sizes. Then,
it can be seen from the graph that the predicted results from the mono-disperse
evaporation model with adiabatic boundary conditions correlate more closely with the
experimental data than the results from the isothermal boundary condition case. This

indicates that in fact the experimental boundary conditions may be closer to being
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adiabatic rather than isothermal. Either way, there is not much time for heat transfer

from the walls to occur since the transit time is so short.

Although the poly-disperse droplet evaporation model could be modified to allow for
both isothermal and adiabatic boundary conditions, it was mainly used with adiabatic

boundary conditions, as this was considered to be closer to real conditions.

7.3 Normal evaporation - poly-disperse droplets

One of the intentions of this part of the investigation was to provide a baseline of normal
evaporation results that could be compared with ultrasound enhanced evaporation
results. However the equipment ultimately procured to provide the ultrasound field
was significantly different in dimensions to the conduit used in this poly-disperse droplet
evaporation investigation. Thus the results gathered here could not be used in direct
comparison with the ultrasound enhanced results reported in section 6.6 to 6.9.
Nevertheless valuable insight was gained into the evaporation process as a consequence

of this part of the investigation

7.4 Variables affecting normal water droplet evaporation
Insights were gained from the results in this section regarding the effect of air
temperature, conduit length and air flow rate (really ratio of water droplets to air) on

the evaporation of the water droplets.

7.4.1 Amount of water evaporated

It was found in the results (section 6.4) that increasing the inlet air temperature
increased the amount of water evaporating from the droplets over the length of the
conduit. Thisis expected because there are larger temperature differences between the
air and water droplets to drive heat transfer and more energy available in the warmer
air for droplet evaporation. Furthermore, for a given quantity of water vapour in the
air, if the air is heated then the mass concentration of this water vapour decreases and
thus the driving force for diffusion of water vapour (evaporation) will be greater at

higher air temperatures.

Increasing the length of the conduit also increased the amount of water evaporated and
this also is as expected since there is a longer time available for evaporation to take

place.
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Increasing the air flow rate has two implications for the evaporation of the water
droplets. Firstly, since the water droplet flow rate is relatively constant for each trial,
increasing the air flow rate decreases the ratio of water droplets to air in the conduit. It
would be expected that for a lower ratio of water droplets to air that increased
evaporation would take place. If the ratio of water droplets to air is high then the
surrounding air quickly moves towards saturation which would slow down the
evaporation process. In the case of lower water droplet to air ratios the difference in
moisture content between the droplet surfaces and the bulk air would (that is, the
driving force for water diffusion) would remain relatively large and the rate of
evaporation would not slow down over the length of the conduit. Secondly, since air
velocities are higher the residence time of the droplets and air over the length of the
conduit decreases. This would have the effect of decreasing the amount of water
evaporated. Therefore, as air velocities increase these two effects work against each
other and tend to cancel each other out in terms of changing the amount of water

evaporated.

It was observed from the results from this section (Figure 6-4) that in most trials the
amount of water evaporated decreased with increasing air flow rate. This implies that
the residence time effect is greater than the water/air ratio effect for these cases.
However in the case of the higher air temperature the amount of water evaporated
increased with increasing air flow rate. Increasing air temperature would not affect the
residence time appreciably (a little due to density changes) but would probably have a
greater effect on the evaporation rate when the ratio of water droplets to air was lower
(that is, when air flow rates were higher). At lower water/air ratios the higher air
temperature would remain higher for longer giving a greater driving force for

evaporation.

In summary it can be said from these results that heating the air for droplet evaporation
can improve the amount of water evaporated over a given length of conduit. Also, by

adjusting the water/air ratio the rate of water evaporation can be optimized.

7.4.2 Changes to the droplet size distribution

Simplified droplet evaporation theory predicts that single droplets will evaporate
according to the so called D? law [50, 51] as discussed in Chapter 2. That is, the time for

a single droplet to evaporate is proportional to the square of its diameter. As a result
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the smaller droplets will evaporate and reduce in size more quickly than the larger

droplets.

Thus for a given droplet size distribution at the inlet of the conduit it would be expected
that at the outlet it would generally change shape as shown in Figure 7-1. The right hand
side of the outlet size distribution (larger droplets) does not change appreciably but
there are less of the smaller droplets so that the distribution is compressed towards the
right and so becomes taller and narrower. Considering the size distribution parameters
as a result of these changes, all of the percentile size parameters (Dv10, Dv50, Dv90)
and mean size parameters (D[4,3], D[3,2]) would increase in value between the inlet
and outlet size distributions. However the Span of the distribution (refer to Table 2-1)
would become smaller at the outlet (that is, its width is narrower at the outlet of the
conduit). Generally speaking this behaviour is evident from the results for this section
of the investigation and can be seen for a typical case in Figure 6-6. In the next sections
the effect of air flow rate, air temperature and conduit length on the droplet size

distribution at the outlet of the conduit will be discussed

Changes in droplet size distribution due to evaporation

% Volume

Dropletdiameter (um)
Inlet to Conduit QOutlet of Conduit

Figure 7-1: Expected changes to the droplet size distribution as a result of droplet
evaporation along the conduit

From the experimental results reported in section 6.4.2 and Figure 6-7 it can be seen

that apart from two results the change in Dv10 from inlet to outlet is positive indicating
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that the volume % of smaller droplets is decreasing as expected. However the change
in Dv10 increases with air flow rate. Although the change in water evaporation with air
flow rate (Figure 6-4) is relatively small the change in the % volume of smaller droplets
in the droplet distribution, with air flow rate, is much larger. At higher air flow rates an
increase in minor air turbulence will possibly affect the smaller droplets to a greater
degree (due to lower inertia) causing them to evaporate more quickly relative to the
larger droplets. This would cause a decrease in their volume % relative to the larger

droplets at the higher air flow rates.

At low air flow rates the change in Dv50 is negative (see Figure 6-9). Above an air flow
rate of around 10 Ipm, the change becomes positive (shift in median droplet size to
larger values) as expected. Changes in the median droplet size (Dv50) tend to be more
sensitive to the changes in the other parts of the distribution. A large negative shift in
the volume % of the larger droplets, for example, will also impact the median droplet
size (see following discussion on changes to the Dv90 parameter). Similarly to the
smaller droplets, as the air flow rate increases above 10 Ilpm the median droplet sizes
increase with increasing air flow rate. The slopes of the A% Dv50 vs air flow rate curves
in Figure 6-7 are significantly less than the slopes of the A% Dv10 vs air flow rate curves
so the same phenomenon (increasing minor turbulence with air flow rate) that is
possibly affecting the smaller droplets could be affecting the whole distribution.
However this effect on the larger droplets in the distribution will reduce in inverse

proportion to droplet size.

When considering changes to the larger droplets in the distribution Figure 6-11 shows
that for over half of the trials, the change in Dv90 is negative. This implies that there is
a lower % volume of the larger droplets at the outlet of the conduit compared to the
inlet. The effect is greatest at the lowest air flow rates. This is unexpected and indicates
that the larger droplets are possibly being ‘removed’ from the distribution rather than
just evaporating. The larger droplets will settle in the air stream more quickly than the
smaller droplets and possibly settle out on the sides of the conduit. At lower air flow
rates there is greater time to do this and so the effect is greater at these flow rates.
Above an air flow rate of 15 Ipm the change in Dv90 becomes positive (as would be
expected) and increases with increasing air flow rate. The slopes of the A% Dv90 vs air

flow rate curves in Figure 6-11 are less again than the slopes of the A% Dv50 vs air flow
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rate curves in Figure 6-9. Therefore, the same phenomenon of minor turbulence
affecting the evaporation of the other droplet sizes, mentioned earlier, is also possibly

affecting the larger droplets but to a lesser degree, as would be expected.

Overall the effect of air flow rate on the droplet size distribution is generally to shift the
distribution as shown in Figure 7-1 and in greater amounts as the air flow rate increases.
Thus the width of the distribution would be expected to decrease with increasing air
flow rate. Figure 7-2 shows a plot of the % change in Span vs air flow rate for all trials.
All results apart from two, at the higher air temperature, show that as the air flow rate
increases the change in Span becomes increasingly negative. This means that indeed

the distribution does tend to become narrower as the air flow rate increases.
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Figure 7-2: Changes to the width of the distribution vs air flow rate for all trials

The case where the span increases is for the higher air temperature (green curve) and,
as noted in the previous section, the amount of water evaporation increases with air
flow rate at this air temperature. It is not possible from the experimental results to
determine water evaporation of the different parts of the droplet distribution, but it is
possible that the increase in evaporation rate occurs in droplet sizes that cause the Span

to increase.
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From the results there seems to be little correlation with air temperature and changes
to the droplet size distribution. For the smaller droplet sizes (Dv10, Figure 6-7) this is
especially so. For the middle and larger droplet sizes in the distribution (Figure 6-9 and
Figure 6-11) there is more of a correlation. At higher flow rates the higher air
temperature tends to cause a greater positive change in Dv50 and Dv90. This means
that the middle and upper parts of the droplet size distribution are moving more to
larger droplet sizes as the air temperature increases. It was noted previously that the
higher air temperature increases the amount of evaporation and it would appear that

this effect occurs mainly for the middle and larger sized droplets.

It was noted in the results that for the smaller droplets an increase in conduit length
caused a decrease in the volume % of those droplets. This effect was not so apparent
for the middle of the distribution and for the larger droplets their volume % actually
decreased in some trials. Since greater evaporation occurs over longer conduit lengths
(as discussed in the previous section) it is expected that there will be a decrease in all
sizes of droplets at greater conduit lengths. This is the case for smaller and middle sized
droplets but not so for the larger droplets. As discussed earlier, it is apparent that the
larger droplets are being removed from the distribution, possibly settling out onto the
conduit walls due to their greater mass and greater terminal velocities. This effect would
be accentuated as the conduit length increases and so there are less of the larger

droplets in the distribution for the longer conduit trials.

Thus generally the longer the conduit the more pronounced the changes to the droplet
distribution illustrated in Figure 7-1 will be i.e., becoming taller and narrower.
Additionally the removal of the larger droplets due to possible settling onto the conduit

walls will remove the largest droplets from the right hand tail of the distribution.

7.5 Comparison with model results

The initial and boundary conditions for each experimental trial were entered into the
poly-disperse droplet evaporation model. Thus values for the amount of water
evaporation, the droplet size distribution and the size distribution parameters were
determined from the model for comparison with the experimental results. In this

section the accuracy of the model with regards to these values are discussed in detail.
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7.5.1 Amount of water evaporated

In regards to the amount of water evaporated it is apparent from Figure 6-13 and Figure
6-14 the model is more accurate for higher air flow rates, higher air temperatures and
shorter conduit lengths. Under these conditions the assumptions of the model
(described in Chapter 4) are apparently more applicable. In half of the trials the errors
are less than 5.5% which indicates the model is reasonably accurate in predicting the

amount of water evaporated under those conditions.

At low air flow rates the water droplet to air ratio increases and so interactions between
droplets and between droplets and conduit wall are more likely. Also it is less likely that
the droplets will be uniformly distributed throughout the air in the conduit as the water
droplet to air ratio increases. These effects will cause greater differences between the

model results and experimental results at low air flow rates.

At higher air temperatures the evaporation process causes the air to cool so that the
bulk air temperature in the conduit is probably closer to ambient conditions and the

adiabatic boundary conditions assumed in the model are more closely achieved.

At longer conduit lengths any errors in the model are accentuated due to the longer

time period over which they are occurring.

Generally speaking the errors between the experimental results and the model results
are negative which indicates that the model is under predicting the amount of water
evaporated. It was found that using mass and thermal accommodation coefficients of
0.04 were more accurate in regards to the amount of water evaporated but values of
0.001 gave a more accurate result regarding changes to the droplet distribution. The
accommodation coefficients are a measure of the efficiency of the interaction of the gas
molecules and the liquid surface during evaporation or condensation. They have a direct
effect on the rate at which the evaporation process proceeds. Therefore, larger values
of the accommodation coefficients may well give better results in terms of amount of
water evaporated over the length of the conduit, but smaller values give a better overall

result for changes to the droplet size distribution.

7.5.2 Droplet size distribution and parameters at outlet
Comparing a typical example of an experimental size distribution curve at the outlet of

the conduit with curves generated by the model (see Figure 6-15 for example) it appears
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that the model is giving best results for very low values of the accommodation
coefficients (that is, values around 0.001). It is not clear why this is the case but the
effect of the accommodation coefficients on the non-continuum correction factors (see
Chapter 4) is dependent on droplet size. Thus the lower accommodation coefficients
more accurately predict changes to the overall size distribution but are not so accurate

for the total amount of water evaporated.

The model tends to be less accurate for the very small droplet sizes: the model predicts
that these much smaller sizes will change in size and completely evaporate more quickly
than what is happeningin reality. The reasons for this could be that the smaller droplets,
once injected into the air stream do not disperse particularly well but rather remain
stratified in the air stream. Consequently the local air conditions around the smaller
droplets become saturated (the rest of the air in the plug is still not yet saturated) and

this hinders further evaporation of the smallest droplets.

For the smaller droplets, from Figure 6-16, there appears to be little correlation between
model accuracy and air flow rate or air temperature. Perhaps a little more accurate at
the lower temperatures. From Figure 6-17 the model is slightly more accurate for the
longer conduit length. It is possible that the correction factors used that apply when the
droplets become very small are not particularly accurate. Although the ones used as
described in Chapter 4 are used by a number of other researchers there are other
formulations that may be more accurate. For the middle of the droplet size distribution
the accuracy of the model is improved significantly. From Figure 6-18 accuracy is best
around the middle of the flow rate range and at higher air temperatures. At the larger
droplet sizes (Figure 6-20 and Figure 6-21) the accuracy again falls away and this
probably due to the larger droplets settling out in the experimental apparatus as

described in the previous section.

7.5.3 Remarks

In this section, and the previous two sections, the results for the investigation of the
normal evaporation of water droplets into air flowing along a conduit have been
discussed. Experimentally it was found for a fixed flow rate of water droplets that
increasing the conduit length and increasing the air temperature improved the quantity
of water evaporated into the air stream. It was also found that the water droplet size

distribution changed during evaporation. The smaller droplets evaporate and reduce in
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size more quickly than the larger droplets so that the size distribution shifts towards the
larger droplets (as shown in Figure 7-1). Changes to the droplet size distribution can be
minimised by decreasing the air flow rate (or maintaining a high water droplet to air

ratio) and keeping the air temperature at ambient or cooler.

These findings have implications for medical respiratory equipment design. For
humidifying air and ensuring no droplets are carried over to the patient then the air
should be preheated and conduit length should be as long as practically possible. For
drug delivery via aerosol then the air should be as cool as possible, conduit lengths kept
as short as possible and air supplied at ambient or cooler. Obviously using saturated air
would also help. In this way minimal evaporation will occur and changes to the droplet

size distribution will also be minimal.

The poly-disperse droplet evaporation model is a reasonably accurate simulation of the
actual evaporation process. Comparison between inlet and outlet distributions and
model results with experimental results showed that the model is over predicting the
evaporation of the smaller droplets and experimentally the very largest droplets are
possibly settling out in the conduit. This also has implications for medical respiratory
equipment design. Increasing air flow rates and reducing conduit lengths will minimise

the settling out of the largest droplets.

7.6 Ultrasound enhanced evaporation

The aim of this part of the investigation was to provide insight into the ultrasound
enhanced evaporation process, to quantify the improvement in droplet evaporation as
a result of the imposed ultrasound field and to investigate the validity of the theoretical
model. In previous sections the theoretical and experimental results of normal
evaporation of water from droplets as they flow in air along a conduit have been
discussed. In the following three sections the results from the experimental and

theoretical investigation of ultrasound enhanced evaporation are discussed.

In the next section, the comparison of experimental results reported in the literature for
improvements in water evaporation due to an imposed ultrasound field with those

generated from the theoretical model are discussed.

In section 7.8, the comparison of experimental results from the ultrasound enhanced

evaporation process with corresponding experimental results for the normal
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evaporation process are discussed. The effect of air flow rate and ultrasound power

level on the amount of water evaporated and the droplet size distribution are discussed.

And finally in section 7.9 comparison of results from the theoretical ultrasound

evaporation model with corresponding experimental results are discussed.

7.7 Comparison with the literature

As detailed in section 6.7 very few situations are reported in the literature similar to
what is being investigated in this work, namely application of ultrasound to water
droplets evaporating into air as they flow along a conduit. However experimental data
was available for the drying of various small vegetable pieces in a power ultrasound

environment, similar to the physical situation modelled in this work.

In section 6.7 it was explained that the effect of the ultrasound field on the evaporation
of water from the surface of the small vegetable pieces was considered to be similar to
the effect of the ultrasound field on the evaporation of water from the droplet surfaces

being studied in this work.

An improvement factor was calculated for the different vegetable pieces which
indicated the increase in water evaporation as a result of the application of the
ultrasound field. For the maximum ultrasound power supplied to their apparatus the
improvement factors varied from 1.2 to 3.5 depending on the vegetable type. On
average the improvement factor was around 1.5. That is, the application of the
ultrasound field improved the water evaporation rate from the vegetable pieces by

about 50% on average.

Although not directly comparable, results were generated from the ultrasound
enhanced evaporation model for a range of flow rates and conditions comparable with
those stated in the literature. The improvement factors for time to equilibrium (average
of around 1.2 or 20% improvement) compare reasonably well with the literature
improvement factors. The main conclusion from this comparison is that the presence of
an ultrasound field does improve the evaporation of water in both cases and by roughly

similar amounts. Areas of similarity between the literature study and our study are:

e That the nature of the ultrasound field is similar in both cases — being a standing

wave generated in a cylindrical transducer.
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e That the ultrasound field is affecting the diffusion processes of the water from

the solid or liquid surface to the air in a similar manner.
The main points of difference being:

e The size of the surface from which water is evaporating.
e The interaction of the ultrasound field with the structure beneath the surface in

the case of the literature study

In regards to the latter difference, for a porous and flexible solid the ultrasound field can
cause an increase in the water diffusion rate through the solid as a result of the alternate
compressions and stretching of the solid structure. This does not occur in the case of a

water droplet.

In regards to the former difference it has been pointed out by a number of researchers
[110, 111, 115, 154] and discussed in Chapter 2 that the size of the object evaporating
relative to the displacement amplitude of the ultrasound field does have an effect on
the evaporation characteristics. In the case of a relatively large object (e.g., vegetable
piece) and small displacement amplitude the ultrasound causes streaming flows around
the object which enhance evaporation. In the case of a small object (water droplet) and
relatively larger displacement amplitude the effect of the ultrasound is similar to quasi-
steady flow convection which also enhances the evaporation process. Thus the
convective flows around the droplets are inherently different from the convective flows
around the vegetable pieces but nonetheless both flows will enhance the water

evaporation rate.

Thus, although there are differences between our study and the literature study the
ultrasound enhanced theoretical model developed in our study is giving a favourable
indication of the enhancement of the water evaporation from the water droplets, when

compared to the literature study results.

7.8 Variables affecting improvement in ultrasound enhanced
evaporation

In this section results are discussed for the effect of an ultrasound field imposed on the
water droplets evaporating in air as they flow along a conduit. Discussion focusses on
the effect of air flow rate and ultrasound power level on the amount of water

evaporated and on changes to the droplet size distribution over the length of the
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conduit. As mentioned previously, it was not possible to use the normal evaporation
results reported in Chapter 6, section 6.4 as a baseline for comparison with these results
since the dimensions of the conduit used in this part of the investigation were so
different. Instead normal evaporation results were generated for each trial prior to
switching on the ultrasound field. Thus a direct comparison could be made between

normal and ultrasound enhanced evaporation results.

7.8.1 Amount of water evaporated

It is apparent from Figure 6-24 and Figure 6-25 that the effect of an imposed ultrasound
field is to improve the amount of water evaporated from the droplets for all air flow
rates and ultrasound power levels. At a given air flow rate, increasing the displacement
amplitude of the imposed ultrasound field (that is, increasing the ultrasound input
power level) increases the amount of water evaporated. Under normal evaporation
conditions the mass and heat transfer processes for the evaporating droplets are
expected to be conductive in nature, as discussed in Chapter 2. The effect of the
ultrasound field is to generate localised air movement and pressure variations that will
cause the mass and heat transfer processes to become convective in nature. It would
be expected that as the amplitude of the air movements and pressure variations
increased that the convection processes would be enhanced and thus the rate of

evaporation would also increase.

In the experimental trials the specific humidity or water content of the air is determined
from a measurement of the air temperature and the relative humidity of the air. Figure
6-24 and Figure 6-25 in Chapter 6 show the difference in specific humidity in the air at
the outlet of the conduit as a result of the imposed ultrasound field. In comparison,
Figure 7-3 and Figure 7-4 show the difference in air temperature at the outlet of the

conduit and are very similar to the difference in air specific humidity graphs.

This indicates that the effect of the ultrasound is not only enhancing the mass and heat
transfer processes during evaporation it is also imparting energy into the air and droplet
mixture causing the air temperature to increase. This increases the moisture content
capacity of the air and is a factor in the increase in the amount of water evaporated as

a result of the imposed ultrasound field.

It was noted that for the lower ultrasound power levels (< 10 W) an increase in air flow
rate reduces the improvement in evaporation. This negative effect of the air flow rate
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was also noted in similar research [147]. It is thought that the increased air flow rate
disrupts the ultrasound field and reduces its effect on the convective heat and mass

transfer processes.

% Difference in Air Temp. between Expt. And Model

25.0%
20.0%
——2 W
: ——5 W
g— 15.0%
ﬁ TW
< 10W
° o
& 10.0% —e— oW
——15W
5.0% ——17W
——20W
0.0%

6 8 10 12 14 16 18 20
Air Flow Rate (Ipm)

Figure 7-3: Percent change in Air Temperature at conduit outlet as a result of the
ultrasound field, at various power levels - vs air flow rate.
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Figure 7-4: Percent change in Air Temperature at conduit outlet as a result of the
ultrasound field, at various air flow rates - vs ultrasound power level.
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For the higher power levels (>10 W) the improvement in evaporation peaks at an air
flow rate of around 10 to 12 Ipm. Therefore, at the higher power levels, when the air
flow rate is low, the ultrasound field is not disturbed appreciably, so that increasing the
air flow rate actually improves the overall convection effects and improves the rate of
water evaporation. At 10 — 12 Ipm this combined effect reaches a maximum. At even
higher air flow rates the ultrasound field begins to be adversely affected by the air
velocity and the improvement in evaporation decreases as is seen at the lower power

levels.

It was also noted in the results (Table 6-7) that under lower air flow and higher
ultrasound power conditions that visible droplets of water were present on the walls of
the conduit at the end of the trial. It is possible that at the higher power levels the
amplitude of excitation of the air molecules was such that it caused the smaller droplets
travelling close to the walls of the conduit to be impacted against the walls. On impact
they would attach to the wall and after many such events the droplets would coalesce
and become visible. If the air flow rates were high enough (greater than the critical
value) then the air velocities reduced the effect of the ultrasound field and droplet hold

up on the walls was prevented.

It was also noted in the results that at high ultrasound power levels (>25 W) and high air
flow rates that there was no liquid water hold up in the conduit (sonotrode) and no
visible sign of droplets in the conduit outlet. Thus the water droplets were completely
evaporated. The experiments carried out were done so at lower power levels so that the
size distribution of the droplets in the conduit outlet could be measured and changes
observed. However it is clear that at higher power levels it is possible to accelerate the
droplet evaporation process so that it compete evaporation occurs over relatively short

distances.

7.8.2 Changes to the droplet size distribution

It was expected that the changes to the droplet size distribution, between inlet and
outlet of the conduit, as a result of the imposed ultrasound field would be an
enhancement of the changes resulting from normal evaporation. These latter changes

have been discussed in section 6.4.2 above.

At the higher air flow rates, where the effect of the ultrasound is somewhat reduced,
this is indeed the case as can be seen in Figure 6-27. The blue curve represents the
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droplet size distribution at the inlet of the conduit and the red curve represents the
droplet size distribution at the outlet of the conduit under normal evaporation
conditions. The changes to the outlet size distribution are in line with those changes
discussed in section 6.4.2. The smaller droplets are evaporating and reducing in size
more quickly than the larger droplets so that the distribution curve at the outlet is
compressed to the right and becomes taller and narrower. The effect of the ultrasound
should be to enhance this so that the purple curve, representing the droplet size
distribution at the outlet with the ultrasound field turned on, should compress further
to the right and become even taller and narrower than the normal outlet curve, which
is indeed the case. The improvement in water evaporation for this case is relatively low

at 2.2%.

However at low air flow rates, where the effect of the ultrasound field is greater the
effect on the droplet size distribution is more dramatic as can be seen in Figure 6-26. In
this case the outlet droplet size distribution has moved significantly towards the larger
droplet sizes. The improvement in evaporation in this case is much better at 9.0%. The
movement in the shape and position of the outlet droplet size distribution with the
ultrasound field applied, at low air flow rates, is far greater than would be expected as
a result of an improvement in the evaporation processes alone. The size distribution at
the outlet indicates that indeed there is a lower volume % of the smaller droplets, as
expected but also there is a greater volume % of the larger droplets. This seems to
indicate that as well as the enhanced evaporation processes the ultrasound field is also
causing the droplets to collide with one another and coalesce together to form larger
droplets. It was noted in Chapter 2 that the ultrasound field will cause some movement
in the droplets relative to the surrounding air. Less for the larger (greater inertia)
droplets and more for the smaller droplets. It was shown there that the dynamic
response of a 5 um diameter water droplet, subjected to an ultrasound field of 22 kHz
and SPL of 150 dB would experience a response of 9.5% where the air particle
movement has an amplitude of 15.7 um. For smaller droplets, say 1 um the response is
92%. Thus, it is possible that the smaller droplets, moving with the air particle
oscillations, collide with one another and collide with larger more stationary droplets.

This causes coalescence and the creation of even larger droplets in the distribution.
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Additionally, it was noted in the previous section and in the results that water droplets
were present on the walls of the apparatus under high power and low air flow
conditions. As just described, it is more likely that the smaller droplets would be moved
by the imposed ultrasound field and those droplets nearest the conduit walls would
impact and attach to the walls. This would accentuate the removal of the smaller
droplets from the distribution and add to the movement of the size distribution to larger

droplet sizes as noted earlier in this section.

When the specific droplet sizes in the distribution are considered, these observations
are confirmed. Considering the effect of the ultrasound field on the Dv10, (Figure 6-28)
representing the smaller droplets in the distribution, the change in this value for low
flow rates and high ultrasound power levels is over 300% for some trials! This means
that there is a much lower volume % of the smaller droplets in the outlet distribution as
a result of the ultrasound field. Also, as the air flow rate increases this change in the
volume % of the smaller droplets decreases. As mentioned in the previous section the
increased air flow rate is believed to disrupt the ultrasound field and thus its effect on

the droplet size distribution is reduced.

And, similarly for the amount of water evaporated, an increase in ultrasound power level
at a given air flow rate tends to increase the effect on the smaller droplets in the
distribution. That is, the Dv10 increases as shown in Figure 6-29 which implies that the
volume % of the smaller droplets in the outlet distribution decreases with increasing

ultrasound power level.

These same trends can be seen for the middle sized and large sized droplets (Figure 6-30
to Figure 6-33). For the Dv50 the increase due to the ultrasound field ranges from 1%
to 180%. Thus the change on the middle sized droplets is not as dramatic as for the
smaller droplets. However for the Dv90 it would be expected that the percent change
would decrease further but the change is almost at the same level as for the Dv50. Thus
the coalescing effect of the ultrasound field is generating a significant increase in the

volume % of the larger droplets as well.

The ultrasound field causes a significant change to the droplet size distribution. Some
of this change is due to increased evaporation of water but other effects, such as
coalescence of the water droplets and impact of the water droplets on the walls of the

conduit must also be occurring. These changes increase with increasing ultrasound
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power level but are attenuated by increasing air flow rate which disrupts the ultrasound

field.

It is clear that the ultrasound field improves the evaporation of water from the droplets
as they flow in air along the conduit, however the ultrasound field also has a significant
and potentially unwanted effects on the droplet size distribution. This being the

coalescence of smaller droplets into larger droplets

7.9 Comparison with model results

The initial and boundary conditions for each ultrasound enhanced experimental trial
were entered into the ultrasound enhanced droplet evaporation model. Thus values for
the amount of water evaporation, changes to the droplet size distribution, and changes
to the distribution parameters were determined from the model for comparison with
the experimental results. It is apparent, however, from the discussion of the
experimental results in the previous section that other effects are occurring as a result
of the imposed ultrasound field that have not been allowed for in the theoretical model.
It is expected then that there will be significant differences between model and
experimental results especially in regards to changes in the droplet size distribution.
These differences and the specific reasons for them are discussed in the next two

sections.

7.9.1 Amount of water evaporated

As noted in the results and shown in Figure 6-34 and Figure 6-35 there is a significant
difference between the experimental amount of water evaporated and that being
predicted by the theoretical model. The model is under-predicting the amount of water
evaporated for the ultrasound enhanced evaporation trials by between 25% and 45%.
As discussed in the previous section regarding the experimental improvement in water
evaporation, it is observed that the temperature of the air at the outlet of the conduit
increases. It is apparent then that the ultrasound field is doing more than just enhancing
the mass and heat transfer processes during evaporation. It is also imparting energy
into the air and droplet mixture which in turn is enhancing the evaporation of water
from the droplets. There is no allowance for additional energy input into the air and
water droplets in the model and this could account for the negative discrepancy in

results between model and experiment.
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Also, the model assumes that plug flow occurs in the conduit. With the ultrasound
apparatus and set up used for these trials this was probably not the case. The ultrasound
apparatus that was available and used for the trials in this section is described in Chapter
5. The conduit (sonotrode) used in the ultrasound trials had a much larger diameter
compared to the conduit used in earlier (normal evaporation) trials. The droplet
generation device had a relatively small diameter and it was necessary to inject the
droplets into the air stream as close to the inlet to the conduit as possible. Thus the set
up described in Chapter 5 was used. However, during use, flow patterns as depicted in

Figure 7-5 were observed through the transparent transition pieces.

ultrasound
sonotrode ===
I H— ‘
| | ‘7 — ] >
. [
droplets in o~ ﬁ/ A ‘ .
| — =, ar+
— —7 | droplets out
11— —
H= 5"
Mo
L @/ | (/
' [
| I
I_T_,_J
|
R RO
| |
| ultrasound |
I' transducer !

Figure 7-5: Flow patterns observed inside conduit (ultrasound sonotrode)

The air flow thought the droplet generator and into the conduit causes a central flow
channel of air and droplets to form inside the conduit with some flow recirculation
occurring at the outer extremities of the conduit. This obviously is far from the ideal
plug flow assumed in the theoretical model. Attempts were made to recalculate the
model results based on a smaller ‘pseudo-diameter’. However, the results for the model
based on the smaller pseudo diameter were not that much different from the results
based on the full diameter of the conduit. Furthermore, this difference between model
and experiment would tend to suggest that the plug flow theoretical model would give
greater amounts of water evaporated compared to the experimental data (where the
bulk of the flow is channelling through the device more quickly than expected). But in
fact the model is understating the amount of water evaporated. The effect of added
energy into the air and water droplets is apparently much greater than the non-plug
flow recirculating air currents effect.
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It was noted in the results (Figure 6-34 and Figure 6-35) that the discrepancy between
model and experimental results for the amount of water evaporated tended to decrease
with air flow rate (at a given power level) and increase with power level (at a given air
flow rate). Increasing air flow rate tends to decrease the effectiveness of the ultrasound
field as has been discussed already. Therefore, this would tend to decrease the energy
input into the evaporation process and thus the difference between model and
experimental results would decrease. However as the power level of the ultrasound
field increase then it is expected that the energy input into the evaporation process
would increase and thus cause a greater discrepancy between model and experimental

results.

7.9.2 Droplet size distribution and parameters at outlet
It was noted in Chapter 6 that the differences between the experimental droplet size
distribution curves and the theoretical curves is significant in some cases but improves

at lower ultrasound powers and higher air flow rates.

Two theoretical results were generated from the model for each trial using two different
values (0.04 and 0.001) for the accommodation coefficients a,, and a. From the
detailed results in Appendix 4 it is observed that for virtually every trial the difference
between the two theoretical curves is minimal. That is the model results appear to be
independent of the value used for the accommodation coefficient. The reason for this is
that, theoretically (according to the model), equilibrium conditions are being achieved
prior to the outlet of the conduit for all values of the accommodation coefficients used.
The effect of the accommodation coefficient is to slow down or speed up the theoretical
evaporation process, especially for the very small droplets. Thus for a given set of inlet
and boundary conditions, once equilibrium is achieved, those equilibrium conditions are
very similar irrespective of the values of the accommodation coefficients used. Thus, for
a ‘long’ conduit, it is possible that theoretical equilibrium conditions will be achieved
prior to the outlet of the conduit, no matter what value of the accommodation

coefficient is used. This is the case for all ultrasound enhanced evaporation trials.

Considering the droplet size distribution parameters as reported in Chapter 6 in Figure
6-38 to Figure 6-43 it was noted that for all parts of the droplet size distribution the
accuracy of the model improved with air flow rate and decreased with increasing power

levels. So that, at an ultrasound power level of 2 W and air flow rate of 20 lpm the
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accuracy of theoretical model in predicting the Dv10, Dv50 and Dv90 is with an error
of 5.4%, -10.9% and 0.5% respectively. However at the other extreme, at an ultrasound
power level of 20 W and an air flow rate of 6.5 Ipm the accuracy of theoretical model in
predicting the Dv10, Dv50 and Dv90 is with an error of -83%, -66.3% and 57.6%
respectively. Again, as discussed previously the effect of the air velocity on the
ultrasound field is to lessen its effects on the evaporation process. Thus the input of
energy, not allowed for in the model, is reduced at higher air flow rates and increased

at higher ultrasound power levels.

7.10 Uncertainty in experimental results

The physical processes involved in the ultrasound enhancement of droplet evaporation
include heat and mass transfer, multi-phase fluid flow and ultrasound propagation
through an aerosol. Measurement of the changes to the droplet distribution involves a
laser diffraction technique and determination of the droplet evaporation involves the
measurement of the air flow rate, air temperature and humidity and water droplet
flowrate. Quantifying the contribution of all of these sources to an overall uncertainty

in the experimental measurements is beyond the scope of this investigation,

However during the experimental phase of the investigation a number of trials were
repeated several times (in some cases 5 — 6 times) under the same conditions to provide
an estimation of the random errors involved in the measurements. Although these
errors were not quantified in a systematic fashion they were estimated to be consistent

within 10 — 20% maximum.

7.11 Conclusion

The aim of this investigation was to experimentally and theoretically investigate the
improvement in evaporation of water droplets into air flowing along a conduit as a result
of an imposed ultrasound field. Also, to quantify that improvement. From the

experimental and theoretical investigation it has been shown:

e That indeed the ultrasound field does improve the evaporation of the water
droplets up to around 30% compared to normal evaporation.
e That the improvement in evaporation as a result of the imposed ultrasound field

increased with ultrasound power level. But even at very low power levels (2 W)
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there was an increase in evaporation rates of around 5% at the lower air flow
rates.

That the maximum improvement in water evaporation occurred at mid-range air
flow rates of around 10 and 12 lpm for this set up. At lower air flow rates it was
apparent the air flow had little impact on the ultrasound field but at higher air
flow rates the air flow disrupted the ultrasound field so its effects on the
evaporating droplets were diminished.

That the changes in the droplet distribution between the inlet and outlet of the
conduit, apparent in normal evaporation, were accentuated when the
ultrasound field was applied. The effect of the ultrasound field was greatest on
the smallest droplets in the distribution. They moved with the air particles in the
ultrasound field causing them to coalesce with other droplets and thus shifting
the droplet distribution to larger sizes.

That the ultrasound field had additional effects on the evaporation processes
other than just enhancing the heat and mass transfer processes. The outlet air
temperature was observed to increase which indicates the ultrasound field was
transferring energy into the air, which in itself would enhance droplet
evaporation. Also, as mentioned in the previous point, the significant shift of the
droplet distribution sizes from smaller to larger indicating that the ultrasound
field was causing coalescence of droplets. These affects being most noticeable
at high ultrasound power levels and low air flow rates when the strength of the
ultrasound field is at its greatest

When results from the theoretical model were compared to the experimental
results it generally confirmed the conclusions mentioned above. Since some of
these effects (e.g., energy input and coalescence) were not allowed for in the
theoretical model there were large discrepancies between the theoretical results
and experimental results. This was especially so when these effects were at their
maximum, that is at high ultrasound power levels and low air flow rates.
Conversely, when the air flow rates were high and ultrasound power levels low,
the model results were more accurate. This indicates that when the unaccounted
for effects were at their lowest the model was providing more accurate results

suggesting that indeed the improvement in evaporation is due to the
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enhancement of the heat and mass transfer processes. Thus the model could be

used in these situations to predict the effects of the imposed ultrasound field.

The implication of this research is that imposing an ultrasound field on evaporating
droplets can have a significant effect on the droplets. It certainly improves evaporation
rates, due to enhanced heat and mass transfer processes and energy input, and this
could have beneficial application to medical breathing devices and related applications.
The fact that the ultrasound also causes a shift in the droplet distribution, probably as a
result of droplet coalescence, is not so beneficial for evaporative applications where
smaller droplet sizes are better (evaporate more quickly). However by managing the
process conditions, air flow rate and ultrasound power this coalescence could be

minimised.

7.12 Significance, Innovation and Contribution

The significance and contribution of this investigation is that it furthers the development
of smaller more energy efficient humidification elements used in lung supportive
respiratory devices. The focus of the investigation was the use of ultrasound techniques
to enhance the humidification process. Although the use of ultrasound in droplet
generation is well known this work investigates, for the first time, the application of a
second stage of ultrasound to enhance the evaporation of the water droplets. By
accelerating or enhancing the evaporation of the droplets then the time taken for this
process could be reduced and this would have benefits in terms of improved efficiencies,

more compact equipment sizes and better process controllability.

Although the models developed in this investigation for normal droplet evaporation
have been used by other researchers for general situations. Nevertheless, in this
investigation, they have been developed from first principles specifically in relation to
medical respiratory apparatus. Furthermore the model for ultrasound enhanced

evaporation of water droplets is developed for the first time in this investigation.

This investigation also presents for the first time experimental results from the
application of a power ultrasound transducer to the evaporation of water droplets

flowing along a conduit.
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7.13 Future work

From this research it is clear that an imposed ultrasound field has a significant positive
effect on the evaporation of water droplets flowing with air along a conduit. It also has
potentially unwanted effects such as droplet coalescence. Future work in this area is

proposed as follows:

e The theoretical model could be further developed to include the heating effect
of the ultrasound field on the air.

e The theoretical model could also be developed to include a coalescence model
to account for any droplet-to-droplet and droplet-to-wall interactions.

e Investigate the evaporation (normal and ultrasound enhanced) of the smaller
droplets in more detail as these seem to behave differently from the larger
droplets in the distribution.

e Regarding experimental work, the apparatus could be developed to better match
the intended area of application, being biomedical respiratory apparatus. That
is, designing and building an ultrasound transducer that is of a more appropriate
size that would have benefits in terms of lower power requirements and lower
equipment costs.

e Investigate the effects of other parameters such as air temperature and conduit
length on the ultrasound enhanced evaporation of the water droplets

o Different ultrasound transducers and transducer arrangements could be
investigated to optimise the effect of the ultrasound field on the water droplet

evaporation.
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Appendix 1 - SPL level in Ultrasound Sonotrode

In order to compare the ultrasound enhanced model results with the measured
experimental results it was necessary to know the amplitude or sound pressure level
(SPL) of the ultrasound field generated inside the cylindrical sonotrode. The equipment
used to generate the ultrasound field, as described in detail in Chapter 5, allows the
selection of the input power to the ultrasonic transducer but the resulting SPL of the

ultrasound field inside the cylindrical sonotrode was not known.

The supplier of the power ultrasound equipment, Pusonics S.L., carried out
measurements of the average SPL inside the cylinder with a 1/8” diameter GRAS

microphone and measured the values shown in Table A 1.

Table A 1: Measured SPL at different power inputs

Electrical Power Applied SPL
(W) (dB)

75 153.29

1 134.32

From this data the following equation was derived to determine the SPL at any power

level between 1 and 75 W.
SPL =134.32 4+ 10.117 log,, P (A1-1)

Where P is the input power level (W).
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Appendix 2 - Results from the Literature

In Chapter 6 results from the ultrasound enhanced model in this work were compared
with results from the literature. The results from the literature were extracted from
graphs and tables in various works and are collated and presented here. Comparative

model results are presented in the section

A 2.1 Literature results

The results relate to the use of power ultrasound in the drying of small vegetable pieces,
Table A2 to Table A 7. In all cases the power ultrasound was generated at 21.78 kHz and
at a power of 90 W (equivalent to 37 kW/m?3), except for the strawberry pieces, where
the power was 25 kW/m3. The results extracted consist of drying times, the initial
evaporation rate and the mass transfer coefficient. Each of these is determined for the
normal drying case (no ultrasound power applied) and for the case with maximum

ultrasound power applied.

Table A 2: Results for eggplant pieces: Ref [116]

Eggplant ultrasound o initial eva_p. mass tra.nsfer
power drying times rate (x 103) coefficient
AIr A0S 1M wm) (5 (kgw/s/kgdm)  (kgw/s/m?)
No ultrasound 0 24250 0.9188 1.87
Ultrasound 37 6750 3.196 6.16
Change/Improvement -72.2% 247.8% 229.4%
Improvement Factor 3.593 3.478 3.294

Table A 3: Results for potato pieces: Ref [117]

Potato ultrasound initial evap. mass transfer
power drying times rate (x 103) coefficient
AIr A0S 1M/ wjm) (5 (kgw/s/kgdm)  (kgw/s/m?)
No ultrasound 0 12640 0.4234 2.03
Ultrasound 37 7850 0.6604 3.21
Change/Improvement -37.9% 56.0% 58.1%
Improvement Factor 1.610 1.560 1.581
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Table A 4: Results for carrot pieces: Ref [118]

ultrasound initial evap. mass transfer
Carrot S 3 . .
power drying times rate (x 107) coefficient
Air:40°,1
A0S IMS jawm?) (5 (kgw/s/kgdm)  (kew/s/m?)
No ultrasound 0 11870 1.215 --
Ultrasound 37 8670 1.483 --
Change/Improvement -27.0% 22.1% -
Improvement Factor 1.369 1.221 --

Table A 5: Results for lemon peel pieces: Ref [118]

Lemon Peel ultrasound initial evap. mass transfer
power drying times rate (x 103) coefficient
A 405 1M wjm) (5 (kgw/s/kgdm)  (kgw/s/m?)
No ultrasound 0 31680 0.3215 -
Ultrasound 37 15055 0.7903 -
Change/Improvement -52.5% 145.8% --
Improvement Factor 2.104 2.458 --

Table A 6: Results for strawberry pieces: Ref [120]

ultrasound initial evap. mass transfer
Strawberry S 3 .
power drying times rate (x 107) coefficient
Air: 40°, 2
40N 2ms ew/m?) (5 (kgw/s/kgdm)  (kgw/s/m?)
No ultrasound 0 19100 0.9183 1.446
Ultrasound 25 16640 1.326 1.633
Change/Improvement -12.9% 44.4% 12.9%
Improvement Factor 1.148 1.444 1.129
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Table A 7: Results for orange peel pieces: Ref [119]

ultrasound initial evap. mass transfer
Orange Peel . 3 . .
power drying times rate (x 107) coefficient

Air:40°,1

A0S IMS jawm?) (5 (kgw/s/kgdm)  (kew/s/m?)
No ultrasound 0 34800 0.1979 1.17

Ultrasound 37 17200 0.3524 2.43
Change/Improvement -50.6% 78.1% 107.7%
Improvement Factor 2.023 1.781 2.077

A 2.2 Comparative model results

The comparative ultrasound enhanced model results (see section 6.7.2) are given in

Table A 8 and Table A 9.

Table A 8: Model results for L = 245 mm

Case Nominal time to distance to amount
# Air flow Ultrasound equilibrium equilibrium evaporated atL
(1/min) (s) (mm) (kg/s) x 10°®
1 6.4 None 0.4139 108.28 0.7728
U/S ON 0.2381 62.4 0.7708
5 10 None 0.5182 211.6 1.181
U/S ON 0.4337 177.1 1.181
3 15 None 1.0228 627.3 1.654
U/S ON 0.827 507.3 1.689
4 20 None 1.7649 1440.1 1.842
U/S ON 1.4321 1168.6 1.941
c 55 None 2.8749 2925.5 1.905
U/S ON 2.3196 2360.5 2.051
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Table A 9: Model results for L = 340 mm

Case Nominal time to distance to amount
# Air flow Ultrasound equilibrium equilibrium evaporated atL
(I/min) (s) (mm) (kg/s) x 10°
1 6.4 None 0.4039 107 0.7866
U/S ON 0.2416 63.3 0.7848
5 10 None 0.5234 215 1.198
U/S ON 0.4395 180.5 1.198
3 15 None 1.0563 647.1 1.74
U/S ON 0.8649 529.9 1.758
4 20 None 1.83 1491.9 2.031
U/S ON 1.4482 1180.9 2.112
5 55 None 2.8809 2938.3 2.131
U/S ON 2.27 2315.5 2.269

From the previous two tables the following improvement factors are calculated and

shown in Table A 10.

Table A 10: Improvement factors

Air flow L =340 mm L =245 mm

rate . , . ,

(Ipm) time evap'n time evap'n
6.4 1.67 1.00 1.74 1.00
10 1.19 1.00 1.19 1.00
15 1.22 1.01 1.24 1.02
20 1.26 1.04 1.23 1.05
25 1.27 1.06 1.24 1.08
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Appendix 3 - MATLAB code for models

The MATLAB code for the three theoretical models is provided here:

A 3.1 Mono-disperse droplet evaporation model

Main body of code

o°

Adds fourth ODE to track changes in air temperature.
But CORRECTED fourth ODE to include the energy of heating/cooling the
water vapour to match the surrounding air temp.

ol o o

o°

All fluid properties are calculated at actual temperature of fluids
as solution progresse ie variable properties

o0 o

o°

Includes Kelvin effect factor to adjust the saturation vapour pressure
at the curved droplet surface.
Uses surface tension and density values at the input average temperature

o o o°

o

Droplet temp (and hence droplet vap. pressure) drop off as droplet
dissapears so display max value over last part of results.

oo o

o

Also includes Knudsen correction factors for heat and mass transfer

o

global K1 K6 K7 K8 Po KLm KLh alpham alphah

starttime = ['--- ', datestr(now), ' -——————-—-—- START-- Rv10 3 -------- "1;
disp (starttime)
tic

% Initial coditions for the air

Va = 30; % total Volume of air per minute (litres)

Tinf i = 25; % Initial bulk mean temperature of air (C)

RHinf i = 0.4; % Initial relative humidity

% Initial Conditions for the water

Vw = 0.08; % total volume of water per minute nebulised (ml)
Td i = 25; % initial droplet temperature (C)

dd i = 5e-6; % Initial droplet diameter (m)

o
e}

Nd = Vw*6*1000/ (le6*pi*dd i~3*Va); % droplet number concentration

oo

M w = 18.015;
= 8314.5;
= 6.0221367e26;
Po = 101.325;

molecular weight of water (kg/kmol)
Universal gas constant (J/kmol.K)
Avogadro constant (/kmol)

Ambient total pressure (kPa)

o
o
[

Z
il
|
o0

o°

o°

% Determine Pinf i initial condition from RHinf i (Pa):
winf i = W _ptphi HAP SI(Po,Tinf i,RHinf i);
Pinf i = pH20 ptW HAP SI(Po, Tinf i, winf i)*1000; % initial air...

o

% vap pressure (Pa)

o

% Knudsen Correction Factors - Constant parts
dH20 = 310e-12; % effective diameter of water molecule (m)
dAir = 360e-12; $ effective diameter of air molecule (m)

KLm = Ru/ (sqrt(2) *pi*dH20"2*NA*Po*1000); % mean free path - constant parts
KLh = Ru/ (sqgrt(2) *pi*dAir"2*NA*Po*1000); % mean free path - constant parts
alpham = 1; % accomodation coefficient (mass transfer)
alphah 1; % accomodation coefficient (heat transfer)

°

% ODE Constant parts
K1 = 4*M w/Ru;

o

constant for ODE 1

K6 = -pi*Ru*Nd/ (2*M w); % constant for ODE 3
K8 = pi*Nd/2; % constant for ODE 4
K7 = 4*M w/Ru; % constant parts of Kelvin effect factor

% Display input parameters

instrl = sprintf ('Air : Temp = %4.1f C, RH = %4.2f, Flow = %5.2f 1/min',...
Tinf i, RHinf i, Va);

instr2 = sprintf ('Droplet: Temp = %4.1f C, diam. = %$6.le m, Flow = %$6.4f ml/min',...
Td i, dd_i, Vw);

instr3 = sprintf('Po = $7.3f kPa, Knudsen: alpha(m) = %$3.1f, alpha(h) = $3.1f',...

Po, alpham, alphah);
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disp(instrl)
disp(instr2)
disp(instr3)

o

$ ODE solver and options
options = odeset ('Events', @finishl, 'Refine', 4, 'RelTol', le-4);

o
5

[t,soln, te,xe,ie] = odel5s(@Raol0 30DE, [0,100000], [dd i, Td i, Pinf i,...
Tinf i], options);
% Display of output: Various graphs of the key parameters as they vary with
% time
subplot (3,2,1)
plot(t,soln(:, 1)), xlabel('time (s)'),ylabel('droplet diameter (m)")
subplot (3,2,2)
Temps = [soln(:, 2) soln(:, 4)]1; % array of droplet and air temps
plot (t, Temps), xlabel ('time (s)'),ylabel ('droplet/air temperature (C)")
subplot (3,2, 3)
rho w = arrayfun(@(Tda) 1/vlig pt 97 SI(Po, Tda), soln(:, 2)); % density of water
droplet (kg/m"3)
% Surface Tension lookup to enable calc. of Kelvin effect factor
sigma w = arrayfun(@(Tda) Sigma t 97(Tda)/1000, soln(:, 2));
Pd plt = arrayfun(@(Tda) pH20s pt HAP SI(Po,Tda)*1000, soln(:, 2)).*...
exp (K7.*sigma w./((soln(:, 2) + 273.15).*rho w.*soln(:, 1)));
plot(t,Pd plt), xlabel('time (s)'),ylabel('droplet vapour pressure (Pa)")
subplot (3,2,4)
plot(t,soln(:, 3)), xlabel('time (s)'),...
ylabel ('air vapour pressure(Pa)')
winf = arrayfun(@(Tinf, Pinf) W_ptpH20 HAP SI (Po,Tinf,Pinf), ...
soln(:, 4), soln(:, 3)/1000);
RHinf plt = arrayfun(@(Tinf, winff) phi ptW HAP SI (Po,Tinf,winff),...
soln(:, 4), winf);
subplot (3,2,5)
plot (t,RHinf plt), xlabel('time (s)'),...
ylabel ('air relative humidity')
subplot (3,2, 6)
plot (t,winf), xlabel('time (s)'),...
ylabel ('air humidity ratio (kgw/kgda)"')
% Print out (display) the various parameters valuse at the end of the

% solution process
if ie == % If second 'finish' event has stopped the solver ie RH = 1

outstrl = sprintf('\rfinal droplet diameter = %$11.4e m\r\rtime to approx. steady
state = %7.4f seconds\r', ...

soln(end, 1), te);

outstr2 = sprintf('final droplet temperature = %$6.3f deg. C\r',...

max (soln(int32(length(soln)*0.5):end , 2)));% Find max value
outstr6 = sprintf('final air temperature = %6.3f deg. C\r', soln(end, 4));
outstr5 = sprintf('final air relative humidity = %f \r', RHinf plt(end));
outstr7 = sprintf('final air humidity ratio = %$f kgw/kgda \r', winf (end));
else % If first 'finish' event has stopped the solver ie drop diameter = 0

outstrl = sprintf ('\rdroplet lifetime = %9.6f seconds\r', te);

outstr2 = sprintf('final droplet temperature = %6.3f deg. C\r',...
max (soln(int32(length(soln)*0.5):end , 2))); % find max value

outstr3 = sprintf('final droplet vapour pressure = $7.2f Pa\r',...
max (Pd plt(int32(length(soln)*0.5):end , 1))); % find max value

outstr6 = sprintf('final air temperature = %6.3f deg. C\r', xe(4));

outstrd = sprintf('final air vapour pressure = %7.2f Pa\r', xe(3));
outstr5 = sprintf('final air relative humidity = %f \r', RHinf plt(end));
(

outstr7 = sprintf('final air humidity ratio = %f kgw/kgda \r', winf (end));
end
et = toc;
headerstr = ['--- ', datestr (now), ' —-———- COMPLETE---- ', num2str(et),' s ————- "1;
disp (headerstr)
disp (outstrl)
disp (outstr2)
disp (outstr6)
disp (outstrH)
disp (outstr7)
ODE function
function [dTP _dot] = RaolO 30DE(t, dTP)
% dTP(l) = droplet diameter, dd (m)
% dTP(2) = droplet temperature, Td (C)
% dTP(3) = water vapour pressure in ambient air, Pinf (Pa)
% dTP(4) = ambient humid air temperature (C)
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lobal K1 K6 K7 K8 Po KLm KLh alpham alphah Pd

o° oo WQ oo

Fluid Property data and calculated initial conditions
Liquid water properties at Td ie dTP(2)

o°

rho w = 1/vliq pt 97 SI(Po, dTP(2)); % density of water droplet (kg/m"3)
Cp w = cp_ptx 97(Po/100, dTP(2), -1)*1000;
h w = (hvaps t 97 SI(dTP(2)) - hligs t 97 SI(dTP(2)))*1000;

[

% latent heat of vaporisation (J/kg)
% Surface Tension to enable calculation of Kelvin effect factor
sigma w = Sigma t 97 (dTP(2))/1000; % surface tension (N/m)
% droplet sat. vapour pressure , including Kelvin effect
Pd = pH20s pt HAP SI(Po,dTP(2))*1000*...
exp (K7*sigma_w/ ((dTP(2)+273.15) *rho w*dTP(1)));

oo

% Humid Air - Transport properties (k or lambda and Dw)at Tfilm

Tfilm (dTP(2) + dTP(4))/2; % Film temperature

D w = 1.8948e-8/Po* (Tfilm + 273.15)"2.072; % Diff coeff. (m"2/s)

RHinf dTP (3) / (pH20s_pt HAP_ SI (Po,dTP(4))*1000);

if RHinf > 1 % set RH to 1 if it goes over 1 as air becomes saturated
RHinf = 1;

end

wfilm = W ptphi HAP SI(Po,Tfilm, (1 + RHinf)/2);

([ |

lam a = Lambda ptW HAP SI(Po, Tfilm, wfilm); %thermal conductivity (W/m.K)

% Humid Air - remaining properties at Tinf ie dTP(4)
winf = W _ptpH20 HAP_SI (Po, dTP(4), dTP(3)/1000);

% winf = W ptphi HAP ST (Po, dTP(4),RHinf);

rhoinf = Rho ptW HAP SI(Po, dTP(4), winf); % density of humid air (kg/m"3)

Cpinf = cp ptW_HAP SI(Po, dTP(4), winf)*1000; % sp. ht cap of humid air

<
S

Pfilm = (Pd + dTP(3))/2;

Cpwvap = cp_ptx 97 (Pfilm/100000, Tfilm, -1)*1000; % sp ht capacity of the...

% water vapour (J/kg.C) at average film temp and pressure

o

% Knudsen Correction factors

ILm = KLm* (Tfilm + 273.15); % mean free path - mass transfer

Lh KLh* (Tfilm + 273.15); % mean free path - heat transfer

Cm = (1 + 2*Lm/dTP(1))/(1 + (4/(3*alpham)+0.377)*2*Lm/dTP (1) +
4/ (3*alpham) * (2*Lm/dTP (1)) *2) ;

Ch = (1 + 2*Lh/dTP(1))/(1 + (4/(3*alphah)+0.377)*2*Lh/dTP (1) +
4/ (3*alphah) * (2*Lh/dTP (1)) *2) ;

o

o

dd_dot = K1*Cm*D_w/ (dTP (1) *rho_w) * (dTP(3) / (dTP (4)+273.15) ...

- Pd/ (dTP(2)+273.15)); % first ODE
% Td dot = -12/(rho_w*Cp w*dTP (1)"2)* (K4*D_w*h_w*Cm* (Pd/ (dTP (2) +273.15) ...
3 - dTP(3)/(dTP(4)+273.15)) + lam_a*Ch* (dTP(2) - dTP(4)));
Td dot = (12*lam_a*Ch* (dTP(4) - dTP(2)) + 3*rho w*dTP(1)*h w*dd dot) .

/(rho_w*Cp_w*dTP(l)AZ); % second ODE
Pinf dot = Ké6*rho w* (dTP(4)+273.15)*dTP (1) ~2*dd_dot;

$Tinf dot = 0; % use this when simulating Rao's model

Tinf dot = K8*dTP(1l)* (dTP(4) - dTP(2))/(rhoinf*Cpinf)* (rho_w*dTP(1)*
Cpwvap*dd_dot - 4*lam a*Ch);

dTP_dot = [dd dot; Td dot; Pinf dot; Tinf dot];

Completion function

function [value,isterminal,direction] = finishl(t,y)

Stop (Finish!) the integration when the diameter of the droplet

passes through zero (ie evaporates) OR when the diameter of the droplet
no longer changes (ie environment is saturated, RH = 1).

Stop the integration in both cases.

o o° o oe

o

global Po

RH = y(3)/(pH20s_pt HAP SI(Po,y(4))*1000); % easier to use RH = 1

value = [y(l) - .00000001 ; RH - 0.9999999]; % Detect diam. = 0 or RH = 1
isterminal = [1; 1]; % Stop the integration in both cases

direction = [-1; 0]; % Negative direction only for diameter
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A 3.2 Poly-disperse droplet evaporation model
Main body of code:

% ITERATIVE version of Ms_11 5xj main to process lots of input data sets at
% once. So dispense with any output to command window... just calculate

% and save results. Reads input data in.

% Need to specify values of alpha to be used, any notes that apply and the
% Model input data to be used

% Also changed the way you set the length: Now L is set to the experimental
% value and if L < L(calc end) the distribution at L will be different from
% the final (end) values. If L > L(calc end) rather than stopping it sets

% the distribution values at L EQUAL to the final (end) values (since

% equilibrium has been reached so values shouldn't change...)

% Multi size droplet evaporation model - Any number (Nt)sizes of droplets

% originally based on single size droplet evaporation model: Rv10 3, but

% directly based on Ms_10 3 xj main. Ver 11 adds distance calculation based
% on inside diameter of tubing... Also adds droplet MEAN and MEDIAN calcs

% vll_5 allows for the calculation to continue in cases where although
% RH=1, temperature equilibrium has not yet been reached... so calculation
% stops when droplets and air temperature are the same.

% vll 4 allows for the changing volume flowrate (dry air mass flow rate

% remains constant) along the tube (as temperature of air changes) So need
% to input tubing diameter ID and target distance L... to determine

% droplet distribution at some specified length along the tube -

% interpolates to find values at that distance.

% This means that the ODE's also had to be adjusted... and the droplet
% number concentration defined as number per kg of dry air (rather than
% kg/m”"3)

% ODE 1: Nt mass balance ODE's (one for each droplet size).

% ODE 2: Nt energy balance ODE's (one for each droplet size).
% ODE 3: One mass balance ODE for the surrounding Air.

% ODE 4: One energy balance ODE for the surrounding Air.

% All fluid properties are calculated at actual temperature of fluids
% as solution progresses ie variable properties

% Includes Kelvin effect factor to adjust the saturation vapour pressure
% at the curved droplet surface.

% Also includes Knudsen correction factors for heat and mass transfer

clear

S ######4# Input any notes relating to these set of runs...

notesl = 'Power Ultrasound Trials - Period prior to turning U/S on';
notes2 = 'U/S OFF. Data from 29/5/2014. 5 W. Trying alpha = 1, 0.5';

global K1 K6 Po KLm KLh alpham alphah Nmd N

o

S ###4##4# Input here the values of alpha to be used
alphas = [1, 0.5];
maxloopk = length (alphas);

o°

S ######4# Input the Model input data file o be used
input_datafile = 'Input Data\Model input data 2014-05-29 PU 5W';

o

% this datafile contains all input parameters
load (input datafile)
maxloopj = size(input data,l);

for nj = 2:maxloop]j
msgdata = sprintf('Data loop %d of %d', nj - 1, maxloopj - 1);

o

disp(msgdata) % feedback to Command Window on progress

o

for nk = 1l:maxloopk

alpha = alphas(nk);

msgalpha = sprintf (' Alpha loop %d of %d', nk, maxloopk);
disp(msgalpha) % feedback to Command Window on progress

[

expt date = input data{nj,l}and ; % Actual date experiment was
run and data recorded

o° o

starttime = ['--- ', datestr (now), ...
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e START —-------- Ms 11 5x3j ------ "1

% Air
Tinf i = input data{nj,2}; % Initial bulk mean temperature of air (C)
RHinf i = input data{nj,3}; % Initial relative humidity
Va_1i = input data{nj,4}; % total Volume of air per minute (litres)
% Water
Td ic = input data{nj,5};% initial droplet temp.for all droplet sizes (C)
Vw = input data{nj,6}; % total volume of water per minute nebulised (ml)
in_drop_distbn = ['Input Distributions\input drop dist ',...

input data{nj,7}];
input droplet distribution

o° o

o

Accommodation coefficents Set above as part of for loop...
Set both alpha-m and alpha-h to same value

o

o°

% Tubing

ID = input data{nj,9}; % Internal diameter of tubing (mm)

L = input data{nj,8}; % target distance along tube where droplet
% distribution is desired to be known (mm)

% Multi size droplet details. MUST be from larger to smaller

load (in_drop_distbn) % loads droplet distribution into the

% variable: drop dist. Original data in mat file is small to LARGE,

% needs to be reordered LARGE to small.

t = size(drop dist,2); % number of droplet sizes or bins

dd_i = le-6*fliplr(drop dist(1l,:));

Vol pct i = 100 * fliplr(drop dist(2,:));

Td i = Td ic*ones(l, Nt); % initial droplet temperatures (C)

Z

o

o°

Basic error checking of distribution
if length(dd_i) ~= Nt, disp('no. of droplet sizes incorrect'),...
return, end
if length(Vol pct i) ~= Nt, disp('no. of %vols incorrect'),...
return, end
Total = single(sum (Vol pct 1i));
if abs(Total-100) >= 0.03
errormsg = sprintf (...
'Total volume percent is not equal to 100.0, %6.2f\r'...
, Total);
disp (errormsg)
return
end
for j = 1:(Nt-1)
if dd i(j) <=dd i(3 + 1),...
disp ('sizes not in descending order'), return, end

% Constants

M w = 18.015;

Ru 8314.5;

= 6.0221367e26;
Po = 101.325;

o°

molecular weight of water (kg/kmol)
Universal gas constant (J/kmol.K)
Avogadro constant (/kmol)

Ambient total pressure (kPa)

o°

Z
il
[l

o°

o°

% Determine initial AIR conditions

winf i = W _ptphi HAP SI(Po,Tinf i,RHinf i); % humid. ratio (kgw/kga)
Pinf i = pH20 ptW HAP SI(Po, Tinf i, winf i)*1000; % vap press. (Pa)
vinf i = v_ptW _HAP SI(Po, Tinf i,winf i); % air sp. volume (m"3/kga)

% Mass flow rate of DRY AIR - assuming Va is vol.flowrate of MOIST air

m a = Va i/1000/60/vinf i; % mass flow rate of dry air for

% number concentrations (kg/s)

% Droplet number concentrations - based on mass flow rate of dry air
% Nd = Vw/100*6*1000/ (le6*pi*Va)*Vol pct i./dd i.”3; OLD DEFINITION

Nmd = Vw*6/ (le6*60*pi*m a)*Vol pct i/100./dd i.”73; % (no. of drops/kga)

o

% Droplet Mean diameters (D32, D43) and Dv10, Dv50 (= MMAD), Dv90
D32 i = sum(Nmd.*dd i.73)/sum(Nmd.*dd i.72);

D43 i = sum(Nmd.*dd i.”4)/sum(Nmd.*dd i."3);

Vol pct i cum = cumsum(drop dist(2,:)*100); % smallest to largest
% Spraytech calc for Dv10, Dv50 etc (uses Dupper rather than Davg)
Dv1l0 i = interpl(Vol pct i cum, drop dist(3,:), 10, 'linear');
Dv50 i = interpl(Vol pct i cum, drop dist(3,:), 50, 'linear'y);
Dv90 i = interpl(Vol pct i cum, drop dist(3,:), 90, 'linear'y);
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sp

o° o

o°

n

oo H

o

dH
dA

KLm = Ru/ (sqgrt(

KL

alpham = alpha;

an i = (Dv90 i - Dv10 i)/Dv50 i;

Initial conditions

itial condxi = [dd i Td i Pinf i Tinf i];
Knudsen Correction Factors - Constant parts
20 = 310e-12; % effective diameter of water molecule (m)

ir = 360e-12; % effective diameter of air molecule (m)

2) *pi*dH20"2*NA*Po*1000) ;

h = Ru/ (sqrt(2) *pi*dAir"2*NA*Po*1000); % mean free path - const. parts
% accomodation coefficient (mass transfer)

o°

alphah = alpha; % accomodation coefficient (heat transfer)

o

o\

K1l
K6

o\

%
Fl
Ve

S

ct
fo

en

o o o o

o

ODE Constant parts
= 4*M w/Ru; % constant for ODE 1 and for Kelvin effect factor
= -pi*Ru/ (2*M w); % constant for ODE 3's

Flow parameters

ow _area = pi*ID"2/4; % tube flow area (m"2)

1 ai = Va_i/60/1000/Flow_area*le6; % initial velocity of air
and droplets along tube (m/s)

Preallocate cell arrays

xj = cell(l, Nt); csolnxj = cell(l, Nt); ciexj = zeros(l, Nt);
r j = 1:Nt % loop around if smallest droplet size evaporates and
% reduce the number of ODE's
N =Nt - 3 + 1;
% ODE solver and options
options = odeset ('Events', @finishb5xj, 'Refine', 4,...
'RelTol', le-4);
[tx],solnx], tex]j, xex]j,iexj] = odel5s(€Ms_11 5xjODE, [0,100],
initial condxi, options);
% Display current droplet-size bin number to see progress...
msgstr = sprintf ('Processed droplet-size bin no. %d of %d',...
N, Nt);
h = msgbox(msgstr, 'Progress', 'help', 'replace');
% Store results in cell arrays (where necessary)
ctxj (1,N) = {txj};
csolnxj (1,N) = {solnxj};
% ctexj (1,N) = texj;
% cxexj (1,N) = {xexj};
ciexj (1,N) = iexj;
% Continue solving for larger diameters if smallest diameter
% has evaporated - set final values from last solution to
% initial values for next solution
if iexj == % smallest diam. droplet has completely evaporated
Tinf ij = solnxj(end, (2*N+2)); % Initial bulk mean
% temperature of air (C)
Pinf ij = solnxj(end, (2*N+1)); % initial air vap press. (Pa)
% Multi size droplet details
dd_ij = solnxj(end, 1:(N-1)); % Initial droplet diams. (m)
Td ij = solnxj(end, (N + 1):(2*N - 1)); % initial droplet
% temperatures (C)
$Initial conditions
initial condxi = [dd _ij Td_ij Pinf ij Tinf ij];
else break % if RHinf = 1 (ie iexj = 2) then stop solving ODE's
end
d

RESULTS: Set up cells and vectors for plotting and display of
FINAL results

Indices for generating results and preallocate cells and arrays

j=1; k=1; t = cell(l, Nt); dd = cell(l, Nt); Td = cell(l, Nt);
life = zeros(1,Nt); Pinf = zeros(l, Nt); Tinf = zeros(l, Nt);

L t = cell(l,Nt); dist = zeros(l, Nt);

dd_f = zeros(1,Nt); % Length cell array and final values

for j = 1:N

£t{1,3} = ctxj{1,Nt};
dd{1,j} = csolnxj{1l,Nt} (:,3);
Td{1,3j} = csolnxj{1,Nt} (:, (Nt + F));
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for k = 1: (Nt - N)

t{1,3r = [£{1,3}; (£{1,3}(end) + ctxj{l, (Nt - k)}(2:end))];
dd{1l,j} = [dd{1,3}(:); csolnxj{l, (Nt - k)}(2:end,J)];
Td{1l,3} = [Td{1,3}(:);...
csolnxj{l, (Nt - k)}(2:end, (Nt + J - k))1;
end
if ciexj(1,1) == 1, life(j) = t{l,j}(end);...
else life(j) = 99.9999; end
end
for j = (N + 1):Nt

t{1l,3} = ctxj{1,Nt};
dd{1l,3j} = csolnxj{1,Nt}(:,73);

Td{1l,j} = csolnxj{1,Nt} (:, (Nt + J));

for k = 1: (Nt - j)
t{1,3r = [£{1,3}; (£{1,3}(end) + ctxj{l, (Nt - k)}(2:end))];
dd{1,3j} = [dd{1,3}(:); csolnxj{l, (Nt - k)}(2:end,J)]1;
Td{1l,3j} = [Td{1,3}(:); csolnxj{l, (Nt - k)} (2:end, ...

(Nt + 3 - k))1;
end
life(j) = t{1,j} (end);

end

Pinf = csolnxj{1,Nt} (:, (2*Nt + 1));

Tinf = csolnxj{1,Nt} (:, (2*Nt + 2));

for k = 1: (Nt - N)
Pinf = [Pinf; csolnxj{l, (Nt
Tinf = [Tinf; csolnxj{l, (Nt

end

% Calculate array of moisture content and RH of surrounding air

winf = arrayfun(@(Tinfa, Pinfa) W_ptpH20 HAP_ SI (Po,Tinfa,Pinfa),...

Tinf, Pinf/1000);

RHinf = arrayfun(@(Tinfa, winfa) phi ptW HAP SI(Po,Tinfa,winfa),...
Tinf, winf);

When RH reaches 1 if winf goes above the saturation pressure at

that temperature then RHinf is invalid... so calculate RHinf from

s ratio of winf to winf sat

RHinf = arrayfun(Q(Tinfa, Pinfa) Pinfa/pH20s_pt HAP SI(Po,Tinfa),...
Tinf, Pinf/1000);

(2:end, (2*Nt + 1 - 2*k))]1;

-k)}
-k)} (2:end, (2*Nt + 2 - 2*k))1;

o

o o oo

o

o°

% Final volume flow rate and velocity of air
Va_f = m a*v_ptW HAP SI(Po, Tinf(end), winf(end))*1000%60; % (1/min)
Vel af = va f/60/1000/Flow area*le6; % (m/s)

% Determine distances taking into account the change in

% temperature, density and relative humidity of the air. Use dry

% air mass flow rate as the constant

N L = length(t{1l,1}); % length of time vector

L tm = zeros(N_L, 1); $ initialise distance vector

for j = 2:N L
Tinf m = (Tinf(j - 1, 1) + Tinf(3j, 1))/2; % average air temp (C)
winf m = (winf(j - 1, 1) + winf(j, 1))/2; % avg humidity (kgw/kga)
vinf m = v_ptW HAP SI(Po, Tinf m, winf m); % sp. volume (m"3/kga)
Vel m = m_a*vinf m/Flow_area*le6; % velocity (m/s)
DeltalL = Vel m*(t{1,1}(3, 1) - t{1,1}(3-1, 1)); % extra distance
L tm(j,1) = L tm(j - 1, 1) + Deltal; % distance vector

end

o

Generate cell array of times for plotting lengths, and final
values of droplet sizes and final lengths and final temperatures
for k = 1:Nt

L t{1,k} = L tm(l:length(t{1l,k}));

o°

dd f(l,k) = dd{1l,k} (end); % vector of final droplet sizes

dist(l,k) = L t{l,k}(end); % vector of final distances for

% each droplet size

Td f(1,k) = Td{1l,k} (end); % vector of final droplet temperatures
end

o

Vector of final droplet volumes and % volumes

Vol f = Nmd*pi.*dd £.73/6; % volume of droplets (m"3) per kg dry air
Vol pct f = Vol f/sum(Vol f)*100;

Vw_f = sum(Vol f)*m a*le6*60; % volume flowrate (ml/min) for
remaining droplets

o°

oo oo

oe

Calculations for final droplet distribution and mean/median values
Remove zeros from final values for plotting

dd fp = dd _f(1:N);

Vol pct fp = Vol pct f(1:N); % ignore the volumes of the

oe

% 'evaporated' droplets
Vol pct fp cum = cumsum(fliplr(Vol pct fp)); % cumul Vol in ascending order
if ciexj(1l,1) == 0 % Only compute mean/median values if two
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% or more bins remaining

% Droplet Mean diameters (D32, D43) and Dv10, Dv50 (= MMAD), Dv90
D32 f = sum(Nmd(1:N).*dd fp.”3)/sum(Nmd(1:N).*dd fp."2);

D43 f = sum(Nmd(1:N).*dd fp.”"4)/sum(Nmd(1:N).*dd fp."3);

% Spraytech calc for Dv10, Dv50 etc uses Dupper rather than

% Davg so set up vector of Dupper sizes that match dd fp sizes

dd fv = fliplr(dd fp)*leb6;

ind SP = find(drop dist(3,:)> dd fv(1,1),1, 'first'); %index

% of matching droplet size

dd fSP = drop_dist(3,ind SP(1,1)); % Dupper droplet size

for j = 2:N % create vectors of indices and Dupper droplet sizes
ind SP = [ind SP, find(drop dist(3,:)> dd fv(1,3),1, 'first')];
dd fSP = [dd fSP, drop dist(3,ind SP(1,3))];

end

Dv10_f = interpl(Vol pct fp cum, dd fSp, 10, 'linear');
Dv50 f = interpl(Vol pct fp cum, dd £fSP, 50, 'linear');
Dv90 f = interpl(Vol pct fp cum, dd £fSP, 90, 'linear');
span £ = (Dv90 f - Dv10 f)/Dv50 f;

else

o

o\¢

o® o° o° o o o

o

if L > L t{1,1}(end)*1000 % L > L(calc end) so set L values to end values

D32 f = 0;

» ; 0; Dvl0 £ = 0; Dv50 f = 0;
Dv90_f = 0; =

w
ko]
|
o]
oIl

Check experimental length L with length at end of calculations.
If L > L(calc end) then set L values to end values

If L < L(calc end) then calc L values and save along with end
values

t_L = NaN;

Tinf fL = Tinf (end);

winf fL = winf (end);
RHinf fL = RHinf (end);

Va fL = va f; % (1/min)
Vel aflL = Vel af; % (m/s)

<

dd_fL = dd_f;
dd_fLp = dd_fp;
Td fL = Td £;

©°

Nmd L = Nmd; % just Nmds for the droplets that remain

Vol fL = Vol f;

Vol pct fL = Vol pct f;

Vol pct flp = Vol pct fp;

% Vol pct fL cum = cumsum(fliplr (Vol pct fL)); % cumul Vol in

o

% ascending order

Vw_fL = Vw_f; % volume flowrate (ml/min) for remaining droplets
D32 fL = D32 f;

D43 fL = D43 f;

Dv10_fL = Dv10_f£f;

Dv50_fL = Dv50_f;

Dv90_ fL = Dv90_ f;

span_fL = span f;

else
% If L < L(calc end) then calculate values at L
% Vector of droplet sizes and temperatures at some distance L
% from the initial mixing point
%
% Time at distance L
t L = interpl (L tm, t{1,1}, L/1000, 'linear'); % time to
% location L (s)

o

% Alr properties, flow rate and velocity at L

Tinf fL = interpl(t{1l,1}, Tinf, t L, 'linear');

winf fL = interpl(t{l,1}, winf, t L, 'linear');

RHinf fL = interpl(t{1l,1}, RHinf, t L,'linear');

Va fL = m a*v_ptW HAP SI(Po, Tinf fL, winf fL)*1000*60; % (1/min)
Vel afL = Va fL/60/1000/Flow area*le6; % (m/s)

o°

o

Calculate volumes for final $-volume distribution at distance
L. Interpolate (linear) to find droplet sizes at L
dd fL = interpl(t{l,1}, dd{1,1}, t L,'linear');
Td fL = interpl(t{1,1}, Td{1l,1}, t L,'linear');
for j = 2:Nt
if £{1,3}(end) > t L ;
dd fL = [dd_fL, interpl(t{l,3j}, dd{1,3}, t_L,'linear')];
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Td fL = [Td_fL, interpl(t{l,3j}, Td{1,3j}, t_L,'linear')];
end
end
dd fLp = dd fL; % for plotting bar graph

Nmd L = Nmd(1l, l:length(dd fL)); % just Nmds for the droplets
% that remain

Vol fL = Nmd L*pi.*dd fL."3/6;

Vol pct fL = Vol fL/sum(Vol fL)*100;

Vol pct fLp = Vol pct fL; % for plotting bar graph

Vol pct fL cum = cumsum(fliplr(Vol pct fL)); % cumul Vol in
% ascending order
Vw_fL = sum(Vol fL)*m a*1le6*60; % volume flowrate (ml/min)
for remaining droplets

o

o

if length(dd fL) >= 2 % Only compute mean/median values if

% two or more bins remaining

% Droplet Mean diams. (D32, D43) and Dv10, Dv50 (= MMAD), Dv90
D32 fL = sum(Nmd(l:length(dd fL)).*dd fL."3)/...
sum (Nmd (1:length(dd fL)).*dd fL."2);
D43 fL = sum(Nmd(l:length(dd fL)).*dd fL."4)/...

sum (Nmd (1:length(dd fL)).*dd fL."3);
% Spraytech calc for Dv10, Dv50 etc uses Dupper rather than
Davg so set up vector of Dupper sizes that match dd fp
sizes
dd fLv = fliplr(dd fL)*1le6;
ind SPL = find(drop dist(3,:)> dd fLv(1,1),1, 'first");
%$index of matching droplet size
dd_fSPL = drop dist(3,ind SPL(1,1));

)

% Dupper droplet size

o\¢

o°

o°

for j = 2:length(dd fL) % create vectors of indices and
% Dupper droplet sizes
ind SPL = [ind SPL, find(drop_ dist(3,:)> dd_fLv(1,]),
1,'first")];
dd fSPL = [dd fSPL, drop dist(3,ind SPL(1,3))]1;
end

Dv10_fL = interpl (Vol pct fL cum, dd_fSPL, 10, 'linear');
Dv50_fL interpl (Vol_pct fL cum, dd_fsPL, 50, 'linear');
Dv90_ fL interpl (Vol pct fL cum, dd fSPL, 90, 'linear');
span fL = (Dv90 fL - Dv10 fL)/Dv50 fL;
else
D32 fL = 0; D43_fL = 0; Dvl0_fL = 0; Dv50_fL = 0;

Dv90_ fL = 0; span_ fL 0;
end
end
% Set up array of MODEL OUTPUT DISTRIBUTION (droplet size and vol$%)
% for easy export to Excel. At END of calculation and at L

m o d end = flipud([dd fp'*1000000, Vol pct fp']); % in ascending order
m o d L = flipud([dd fLp'*1000000, Vol pct fLp']);

% Array of Final Droplet distribution parameters for easy export to

% Excel. At END of calculation and at L

dist param end = [Dv10_f Dv50 f Dv90 f span f D32 f*le6 D43 f*leb6

0 Tinf (end) RHinf(end) L L_t{1,1} (end)*1000]1";
dist param L = [Dv10 fL Dv50 fL Dv90 fL span fL D32 fL*le6 D43 fL*le6
0 Tinf fL RHinf fL. L L t{1,1} (end)*1000]";

o

o
0
g
<
=
)
=
0
(e
[
3
n

% Finished all calculations: Write Workspace (all variables) to file
filedate = datestr(now, 'yyyy-mm-dd HH-MM-SS'");
[~, comp name] = system('hostname');
filename = ['Saved Runs\', filedate,' ', num2str(Nt),...
' bins ', comp_name(1:6)];
save (filename)

oe

Write summary data to an Excel Spreadsheet for easy transfer to
distribution comparison spreadheets etc

xlsfilename = [filename, '.xlsx'];

dist param L cell(:,1) = {'Expt Date' 'Calc Date'...

'Notes 1' 'Notes 2' 'INPUTS'

'Tinf i' 'RHinf i' 'Va i' 'Td_ic' 'Vw' 'alphas' 'L' 'ID' ...
'Distbn' '' 'OUTPUTS - Distbn Parameters at L' 'Dv10' 'Dv50'...
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'Dv90' 'span' 'D[32]"' 'D[43]"'" '' ''" "' 'Tinf(L)"'...

'RHinf (L)' 'L' 'Length(end)' '' 'OUTPUTS - Distbn at L'...
'Diameter'};
dist param L cell(:,2) = {expt date...
[filedate, " - (NORMAL model) ']
notesl notes2 '' Tinf i RHinf i
Va i Td ic Vw alpha L ID in drop distbn '' '' Dv10_ fL
Dv50_fL Dv90_ fL span fL D32 fL*le6 D43 fL*le6 '' '' "' ...
Tinf fL RHinf fL L L t{1,1} (end)*1000 "' '' '% Volume'};
dist param L cell(:,3) = {'" "' v rrorvorct vt 0]/ min' 'C' 'ml/min’
T’ ’mmT Tmmv T T T YumY YumY YumY T YumY
‘um' "o rrorroret 't 'mm' 'mm' 'ttt ')

xlswrite (xlsfilename, dist param L cell)
xlswrite(xlsfilename, m o d L, 1, 'A33"')

end
end
disp (' ***** Calculations Complete ***** ")
ODE function
function [dTP_dot] = Ms_11 5xjODE(t, dTP)

o

Modified for change in droplet concentration to number per kg dry air
(Note: No different from Ms 11 4xjODE just change name to match main

o0 o

% program)

% dTP(j) = droplet diameters, dd(j) (m)

% dTP(N + j) = droplet temperatures, Td(j) (C)

% dTP(2N + 1) = water vapour pressure in ambient air, Pinf (Pa)
% dTP(2N + 2) = ambient humid air temperature, Tinf (C)

o

lobal K1 K6 Po KLm KLh alpham alphah Nmd N

©Q

RHinf = dTP(2*N + 1)/ (pH20s_pt HAP ST (Po,dTP(2*N + 2))*1000);
S

o0 o

if RHinf > 1 % set RH to 1 if it goes over 1 as air becomes saturated
RHinf = 1;

end

% Humid Air - remaining properties at Tinf ie dTP (2N + 2)

winf = W _ptpH20 HAP_SI(Po, dTP(2*N + 2), dTP(2*N + 1)/1000);
% winf = W ptphi HAP SI(Po, dTP(N + 1i),RHinf);

vinf = v _ptW HAP SI(Po, dTP(2*N + 2), winf); % air sp. vol (m"3/kga)

Cpinf = cp ptW HAP SI(Po, dTP(2*N + 2), winf)*1000; % sp. ht cap of humid air
(J/kg.C)

massfrac = XiAir W_HAP SI(winf); % mass fraction of dry air in moist air
 —mm—m Set up property arrays —--—--—---—--—----—

o

% Preallocate arrays for speed...

rho w = zeros(1,N); Cp w = zeros(1,N); h w = zeros(1,N);
sigma_w = zeros(l,N); Pd = zeros(l,N); Tfilm = zeros(1,N);
wfilm = zeros(1,N); lam a = zeros(l,N); Pfilm = zeros(1,N);
Cpwvap = zeros(1l,N); Lm = zeros(l,N); Lh = zeros(l,N);Cm =
Ch = zeros(1,N);

D w = zeros(1,N);
zeros (1,N);
for j = 1:N

% Liquid water properties at relevant Td's
% density of water droplet (kg/m"3)

rho w(j) = 1/vliq pt 97 SI(Po, ATP(N + j)); % density of water droplet (kg/m"3)
% specific heat capacity of water droplets (J/kg.C)

Cp w(j) = cp_ptx 97(Po/100, dTP(N + Jj), -1)*1000;

% latent heat of vaporisation (J/kg)

h w(j) = (hvaps_t 97 SI(ATP(N + j)) - hligs t 97 SI(ATP(N + 3)))*1000;

% Surface Tension to enable calculation of Kelvin effect factor (N/m)

sigma w(j) = Sigma t 97 (dTP(N + 3j))/1000;

% droplet sat. vapour pressure , including Kelvin effect (Pa)

Pd(j) = pH20s pt HAP SI(Po,dTP(N + 3))*1000%*...

exp (K1*sigma w(j)/ ((dTP(N + §)+273.15)*rho _w(3j)*dTP(3)));
Humid Air - Transport properties (k or lambda and Dw)at Tfilm's

oe

% Film temperatures (C)

Tfilm(j) = (dTP(N + j) + dTP(2*N + 2))/2;

% Diffusion coefficients (m"2/s)

D w(j) = 1.8948e-8/Po* (Tfilm(j) + 273.15)"2.072; % Correct values
% Specific humidity of film (kg/kgda)

wfilm(j) = W _ptphi HAP SI(Po,Tfilm(j), (1 + RHinf)/2);

% thermal conductivity of film (W/m.K)

lam a(j) = Lambda ptW HAP SI(Po, Tfilm(j), wfilm(Jj));

s
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% partial pressure of water vapour in the film (Pa)

Pfilm(j) = (Pd(j) + dTP(2*N + 1))/2;

% specific heat capacity of water vapour (J/kg.C) at film temp and pressure
Cpwvap (j) = cp ptx 97 (Pfilm(j) /100000, Tfilm(j), -1)*1000;

o°

% Knudsen Correction factors
mean free paths

oo

Lm(j) = KLm*(Tfilm(j) + 273.15);

Lh(j) = KLh*(Tfilm(j) + 273.15);

Cm(j) = (1 + 2*Lm(3)/dTP(j)) /(1 + (4/(3*alpham)+0.377)*2*Lm(j)/dTP(j) +
4/ (3*alpham) * (2*Lm(j) /dTP (7)) "2);

Ch(j) = (1 + 2*Lh(j)/dTP(3))/(1 + (4/(3*alphah)+0.377)*2*Lh(J)/dTP(j) +
4/ (3*alphah) * (2*Lh(j) /dTP (7)) "2);

end

% ODE's

dd dot = K1*Cm.*D w./(dTP(1:N)'.*rho w).* (dTP(2*N + 1)/ (dTP(2*N + 2)+273.15)...
- Pd./(dTP((N + 1):2*N)"' + 273.15)); % first ODE, all droplet

Td dot = (12*lam a.*Ch.* (dTP(2*N + 2) - dTP((N + 1):2*N)') + 3*rho w.*dTP(1:N)'.*...

h w.*dd dot)./(rho w.*Cp w.*dTP(1:N)'."2); % second ODE, all droplets
Pinf dot = K6/vinf* (dTP(2*N + 2)+273.15)*sum(Nmd(1:N).*rho w.*dTP(1:N)'."2.*dd dot);
% Tinf dot = 0; % use this when simulating Rao's model
Tinf dot = pi*massfrac/(2*Cpinf)*...

sum (Nmd (1:N) . *dTP (1:N) '.* (dTP(2*N + 2) - dTP((N + 1):2*N)').*(rho w.*dTP(1:N)"'.*...

Cpwvap.*dd _dot - 4*lam a.*Ch));
dTP_dot = [dd_dot'; Td dot'; Pinf dot; Tinf dot];

]

Completion function

function [value,isterminal,direction] = finish5xj (t,y)

Stop (Finish!) the integration when the diameter of the smallest droplet
passes through zero (ie evaporates) OR when environment is saturated,
(ie RH = 1)AND the temperature of the largest droplets is in equilibrium
with the air temperature.

o° o

o

o

% STOP the integration in both cases.

global Po N

% Calculate RH from its definition rathr than using the LibHuAir prop

% function (problems if if goes just above 1)

RH = y(2*N + 1)/ (pH20s_pt HAP SI(Po,y(2*N + 2))*1000);

T eqlbm = 1; % Set T egqlbm = Td - Tinf to 1 until RH is close to 1

if RH > 0.999999 % when RH close to 1 then stop integration when T eglbm = 0
T eglbm = y(N+1) - y(2*N + 2)-0.05;

end

value = [y(N) - .00000001 ; T eglbm]; % Detect diam. = 0 or temp equilibrium

isterminal = [1; 11; % Stop the integration in both cases

direction = [-1; 0]; % Negative direction only for diameter

A 3.3 Ultrasound enhanced droplet evaporation model

Main body of code:

o

ITERATIVE version of Ms 11 5xj US main to process lots of input data sets
at once. So dispense with any output to command window... just calculate
and save results. Reads input data in. Need to specify values of alpha to
be used, any notes that apply and the Model input data to be used

o° o o o

o°

Also changed the way you set the length: Now L is set to the experimental
value and if L < L(calc end) the distribution at L will be different from
the final (end) values. If L > L(calc end) rather than stopping it sets
the distribution values at L EQUAL to the final (end) values (since
equilibrium has been reached so values shouldn't change...)

o o° o° o o

oe

Multi size droplet evaporation model - Any number (Nt)sizes of droplets
originally based on single size droplet evaporation model: Rv10 3, but
directly based on Ms 10 3 xj main. Ver 11 adds distance calculation based
on inside diameter of tubing... Also adds droplet MEAN and MEDIAN calcs

oC o oo o

oo

vll 5 allows for the calculation to continue in cases where although
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% RH=1, temperature equilibrium has not yet been reached... so calculation
% stops when droplets and air temperature are the same.

% vll 4 allows for the changing volume flowrate (dry air mass flow rate

% remains constant) along the tube (as temperature of air changes) So need
% to input tubing diameter ID and target distance L... to determine

% droplet distribution at some specified length along the tube -

% interpolates to find values at that distance.

% This means that the ODE's also had to be adjusted... and the droplet
% number concentration defined as number per kg of dry air (rather than
% kg/m”3)

% ODE 1: Nt mass balance ODE's (one for each droplet size).

% ODE 2: Nt energy balance ODE's (one for each droplet size).
% ODE 3: One mass balance ODE for the surrounding Air.

% ODE 4: One energy balance ODE for the surrounding Air.

% All fluid properties are calculated at actual temperature of fluids
% as solution progresses ie variable properties

% Includes Kelvin effect factor to adjust the saturation vapour pressure
% at the curved droplet surface.

% Also includes Knudsen correction factors for heat and mass transfer

clear

S ######4# Input any notes relating to these set of runs...

notesl = 'Running US model with alpha = 1 to see effect';

notes2 = 'Nu Correlation: Nu(j) = 2 + 0.55%Re osc(j)"0.5*Pr film(j)"(1/3);"';

global K1 K6 Po KLm KLh alpham alphah Nmd N p amp omega
S #####4#4## Input here the values of alpha to be used
alphas = [1];

maxloopk = length (alphas);

o

ol

S ######4# Input the Model input data file o be used
input_datafile = 'Input Data\Model input data 2014-05-29 US 5W';
% this datafile contains all input parameters

load (input_datafile)

maxloopj = size(input data,l);

<

for nj = 2:maxloop]
msgdata = sprintf('Data loop %d of %d', nj - 1, maxloopj - 1);
disp (msgdata) % feedback to Command Window on progress
for nk = l:maxloopk
alpha = alphas (nk);
msgalpha = sprintf (' Alpha loop %d of %d', nk, maxloopk);

°

disp(msgalpha) % feedback to Command Window on progress

expt date = input data{nj,1}; % Actual date experiment was

% run and data recorded
starttime = ['--- ', datestr (now), ...
e START —--—--—-— Ms 11 5xj ------ "1
% disp (starttime)
$ tic

% Air

Tinf i = input data{nj,2}; % Initial bulk mean temperature of air (C)
RHinf i = input data{nj,3}; % Initial relative humidity

Va i = input data{nj,4}; % total Volume of air per minute (litres)
% Water

Td ic = input data{nj,5};% initial droplet temp.for all droplet sizes (C)
Vw = input data{nj,6}; % total volume of water per minute nebulised (ml)
% input droplet distribution

in_drop_distbn = ['Input Distributions\input drop dist ',...

input_data{nj,7}1;

o

o

Accommodation coefficients Set above as part of for loop...
Set both alpha-m and alpha-h to same value

o°

o

% Tubing

ID = input data{nj,9}; % Internal diameter of tubing (mm)

L = input data{nj,8}; % target distance along tube where droplet
% distribution is desired to be known (mm)
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o

% Ultrasound R

freq = input data{nj,10}; % Frequency of applied ultrasound (kHz)
Power = input data{nj,11}; % Power readout from Pusonics gear (W)

% Multi size droplet details. MUST be from larger to smaller

load (in_drop_distbn) % loads droplet distribution into the

% variable: drop dist. Original data in mat file is small to LARGE,

% needs to be reordered LARGE to small.

Nt = size(drop dist,2); % number of droplet sizes or bins

dd i = le-6*fliplr(drop dist(1l,:));

Vol pct i = 100 * fliplr(drop dist(2,:));

Td i = Td ic*ones (1, Nt); % initial droplet temperatures (C)

o°

% Basic error checking of distribution
if length(dd i) ~= Nt, disp('no. of droplet sizes incorrect'),...
return, end
if length(Vol pct i) ~= Nt, disp('no. of %vols incorrect'),...
return, end
Total = single(sum (Vol pct 1i));
if abs(Total-100) >= 0.03
errormsg = sprintf (...
'Total volume percent is not equal to 100.0, %6.2f\r'...
, Total);
disp (errormsg)
return
end
for j = 1:(Nt-1)
if dd i(j) <=dd i(j + 1),...

disp ('sizes not in descending order'), return, end
end
% Constants
M w = 18.015; % molecular weight of water (kg/kmol)

o°

o]
o
I

= 8314.5;

NA = 6.0221367e26;
Po = 101.325;

% Ultrasound Constants

omega = 2*pi*freg*1000; % ultrasound frequency (rad/s)

% Sound Pressure Level of ultrasound (dB) related to Power (Pusonics)
SPL = 134.32 + logl0O(Power)* (153.29 - 134.32)/1ogl0(75); % from Pusonics
p_amp = 10" (SPL/20)*0.00002*sqrt (2); % ultrasnd press amplitude (Pa)

% Note: * sqgrt(2) since SPL formula is for RMS pressure... we want

% pressure amplitude...

Universal gas constant (J/kmol.K)
Avogadro constant (/kmol)
Ambient total pressure (kPa)

o°

o°

% Determine initial AIR conditions

winf i = W _ptphi HAP SI(Po,Tinf i,RHinf i); % humid. ratio (kgw/kga)
Pinf i = pH20 ptW HAP SI(Po, Tinf i, winf i)*1000; % vap press. (Pa)
vinf i = v_ptW HAP SI(Po, Tinf i,winf i); % air sp. volume (m"3/kga)

% Mass flow rate of DRY AIR - assuming Va is vol.flowrate of MOIST air

m a Va_i/1000/60/vinf i; % mass flow rate of dry air for
% number concentrations (kg/s)
% Droplet number concentrations - based on mass flow rate of dry air

% Nd = Vw/100%6*1000/ (le6*pi*Va)*Vol pct i./dd i.73; OLD DEFINITION
Nmd = Vw*6/ (le6*60*pi*m _a)*Vol pct i/100./dd i.73; % (no. of drops/kga)

o

Droplet Mean diameters (D32, D43) and Dv10, Dv50 (= MMAD), Dv90
D32 i = sum(Nmd.*dd i.73)/sum(Nmd.*dd i."2);

D43 i = sum(Nmd.*dd i.”4)/sum(Nmd.*dd i."3);

Vol pct i cum = cumsum(drop dist(2,:)*100); % smallest to largest
% Spraytech calc for Dv10, Dv50 etc (uses Dupper rather than Davg)
Dv10_i = interpl(Vol pct i cum, drop dist(3,:), 10, 'linear'y);
Dv50 i = interpl(Vol pct i cum, drop dist(3,:), 50, 'linear'y);
Dv90 i = interpl(Vol pct i cum, drop dist(3,:), 90, 'linear');
span_i = (Dv90 i - Dv10 i)/Dv50 i;

o o

o°

Initial conditions

initial condxi = [dd i Td i Pinf i Tinf i];

% Knudsen Correction Factors - Constant parts

dH20 = 310e-12; % effective diameter of water molecule (m)
dAir = 360e-12; % effective diameter of air molecule (m)

KLm = Ru/ (sqrt(2) *pi*dH20"2*NA*Po*1000); % mean free path - const. parts
KLh = Ru/ (sqrt(2) *pi*dAir"2*NA*Po*1000); % mean free path - const. parts
alpham = alpha; % accomodation coefficient (mass transfer)
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)

alphah = alpha; % accomodation coefficient (heat transfer)

o

% ODE Constant parts

K1l = 2*M7w/Ru; % constant for ODE 1 and for Kelvin effect factor
K6 = -pi*Ru/(2*M_w); % constant for ODE 3's

o

% Flow parameters

Flow area = pi*ID"2/4; % tube flow area (m"2)

Vel ai = Va_i/60/1000/Flow _area*le6; % initial velocity of air
% and droplets along tube (m/s)

% Preallocate cell arrays
ctxj = cell(l, Nt); csolnxj = cell(l, Nt); ciexj = zeros(l, Nt);

for j = 1:Nt % loop around if smallest droplet size evaporates and
% reduce the number of ODE's
N =Nt - 3 + 1;

o

% ODE solver and options

options = odeset('Events', @finish5xj, 'Refine', 4,...
'RelTol'", le-4);

[tx],solnx], tex],xex]j,1iex]j] = odelbs(@Ms_11 5xj US ODE_f,...
[0,100], initial condxi, options);

o

% Display current droplet-size bin number to see progress...

msgstr = sprintf ('Processed droplet-size bin no. %d of %d',...
N, Nt);

h = msgbox(msgstr, 'Progress', 'help', 'replace');

% Store results in cell arrays (where necessary)

ctxj (1,N) = {txj};

csolnxj (1,N) = {solnxj};

% ctexj (1,N) = texj;

% cxexj (1,N) = {xex]j};

ciexj (1,N) = iexj;

% Continue solving for larger diameters if smallest diameter

% has evaporated - set final values from last solution to

% initial values for next solution

if iexj == % smallest diam. droplet has completely evaporated
Tinf ij = solnxj(end, (2*N+2)); % Initial bulk mean
% temperature of air (C)
Pinf ij = solnxj(end, (2*N+1l)); % initial air vap press. (Pa)
% Multi size droplet details
dd ij = solnxj(end, 1:(N-1)); % Initial droplet diams. (m)
Td ij = solnxj(end, (N + 1):(2*N - 1)); % initial droplet
% temperatures (C)
$Initial conditions
initial condxi = [dd _ij Td_ij Pinf ij Tinf ij];
else break % if RHinf = 1 (ie iexj = 2) then stop solving ODE's
end

end

o

o

RESULTS: Set up cells and vectors for plotting and display of
FINAL results

oo o

o

Indices for generating results and preallocate cells and arrays

j =1; k=1; t = cell(l, Nt); dd = cell(l, Nt); Td = cell(l, Nt);
life = zeros(1,Nt); Pinf = zeros(l, Nt); Tinf = zeros(l, Nt);
L t = cell(l,Nt); dist = zeros(l, Nt);

o

dd f = zeros(1,Nt); % Length cell array and final values
for j = 1:N
t{l,3} = ctxj{1,Nt};
dd{1l,3} = csolnxj{1,Nt} (:,]
Td{1l,j} = csolnxj{1l,Nt} (:, (
for k = 1: (Nt - N)

’

)
Nt + J));

t{1,3r = [£{1,3}; (£{1,3}(end) + ctxj{l, (Nt - k)}(2:end))];
dd{1l,3} = [dd{1,3}(:); csolnxj{l, (Nt - k)}(2:end,J)];
Td{1l,3} = [Td{1,3}(:);...
csolnxj{l, (Nt - k)}(2:end, (Nt + J - k))1;
end
if ciexj(1,1) == 1, life(j) = t{l,j}(end);...
else life(j) = 99.9999; end
end
for 3 = (N + 1):Nt

t{l,3} = ctxj{1,Nt};
dd{1,3} = csolnxj{1,Nt} (:,7);
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Td{1l,j} = csolnxj{1,Nt} (:, (Nt + J));
for k = 1: (Nt - j)

t{1,3} = [t{1,3}; (£{l,3}(end) + ctxj{l, (Nt - k)}(2:end))];
dd{1,3} = [dd{1,3}(:); csolnxj{l, (Nt - k)}(2:end,J)];
Td{1l,3j} = [Td{1,3}(:); csolnxj{l, (Nt - k)}(2:end,...
(Nt + 3 - k))1;
end
life(j) = t{1,3} (end);

end

Pinf = csolnxj{1,Nt} (:, (2*Nt + 1));
Tinf = csolnxj{1,Nt} (:, (2*Nt + 2));
for k = 1: (Nt - N)

Pinf = [Pinf; csolnxj{1l, (Nt-k)
Tinf = [Tinf; csolnxj{1l, (Nt-k)

(2:end, (2*Nt + 1 - 2*k))1;

}
}(2:end, (2*Nt + 2 - 2*k))];

end

o
5

Calculate array of moisture content and RH of surrounding air

winf = arrayfun(@(Tinfa, Pinfa) W ptpH20 HAP SI(Po,Tinfa,Pinfa),...

o o o° o°

o

Tinf, Pinf/1000);
RHinf = arrayfun(@(Tinfa, winfa) phi ptW HAP SI(Po,Tinfa,winfa),...
Tinf, winf);
When RH reaches 1 if winf goes above the saturation pressure at
that temperature then RHinf is invalid... so calculate RHinf from
ratio of winf to winf sat

RHinf = arrayfun(Q(Tinfa, Pinfa) Pinfa/pH20s pt HAP SI(Po,Tinfa),...

Tinf, Pinf/1000);

Final volume flow rate and velocity of air

Va f = m a*v_ptW HAP SI(Po, Tinf(end), winf(end))*1000%60; % (1/min)

Vel af = va f/60/1000/Flow area*le6; % (m/s)

Determine distances taking into account the change in
temperature, density and relative humidity of the air. Use dry
air mass flow rate as the constant

L = length(t{1l,1}); % length of time vector
tm = zeros(N_L, 1); $ initialise distance vector

or j = 2:N L

Tinf m = (Tinf(j - 1, 1) + Tinf(j, 1))/2; % average air temp (C)
winf m = (winf(3 - 1, 1) + winf (3, 1))/2; avg humidity (kgw/kga)
vinf m = v_ptW HAP SI(Po, Tinf m, winf m); sp. volume (m”"3/kga)
Vel m = m_a*vinf m/Flow_area*le6; velocity (m/s)

Deltal = Vel m*(t{1,1}(j, 1) - t{1,1}(3-1, 1)); % extra distance
L tm(3j,1) = L tm(j - 1, 1) + Deltal; % distance vector

o° o

oe°

Generate cell array of times for plotting lengths, and final
values of droplet sizes and final lengths and final temperatures

for k = 1:Nt

o° (D

o°

L t{1,k} = L tm(l:length(t{1l,k}));

dd f(1,k) = dd{1,k} (end); % vector of final droplet sizes
dist(l,k) = L t{l,k}(end); % vector of final distances for

% each droplet size

Td f(1,k) = Td{1l,k} (end); % vector of final droplet temperatures

nd

o

Vector of final droplet volumes and % volumes

Vol f = Nmd*pi.*dd £.73/6; % volume of droplets (m"3) per kg dry air
Vol pct_f = Vol_f/sum(Vol_£f)*100;
Vw_f = sum(Vol f)*m a*le6*60; % volume flowrate (ml/min) for

o o o°

o°

remaining droplets

Calculations for final droplet distribution and mean/median values
Remove zeros from final values for plotting

dd fp = dd_f(1:N);
Vol pct fp = Vol pct f£(1:N); % ignore the volumes of the

Vol pct fp cum = cumsum(fliplr(Vol pct fp)); % cumul Vol in ascending order

o

S

o

'evaporated' droplets

o

if ciexj(1l,1) == 0 % Only compute mean/median values if two

o°

or more bins remaining

% Droplet Mean diameters (D32, D43) and Dv10, Dv50 (= MMAD), Dv90
D32 f = sum(Nmd(1:N).*dd fp.”3)/sum(Nmd(1:N).*dd fp."2);

D43 f = sum(Nmd(1:N).*dd fp.”"4)/sum(Nmd(1:N).*dd fp."3);

% Spraytech calc for Dv10, Dv50 etc uses Dupper rather than

% Davg so set up vector of Dupper sizes that match dd fp sizes

dd fv = fliplr(dd fp)*leb;

ind SP = find(drop_dist(3,:)> dd fv(1,1),1,'first'); %index

% of matching droplet size

dd fSP = drop dist(3,ind SP(1,1)); % Dupper droplet size

for j = 2:N % create vectors of indices and Dupper droplet sizes
ind SP = [ind SP, find(drop dist(3,:)> dd fv(1,3),1, 'first")];
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dd_fSP = [dd fsP, drop_dist(3,ind SP(1,3))];

end

Dv10_f = interpl(Vol pct fp cum, dd fSp, 10, 'linear');
Dv50_f = interpl(Vol pct fp cum, dd_£Sp, 50, 'linear');
Dv90 f = interpl(Vol pct fp cum, dd £SP, 90, 'linear');
span £ = (Dv90 f - Dv10 f)/Dv50 f;

else
D32 f = 0; D43 _f

n ; £ =0; Dvl0 £ = 0; Dv50 f = 0;
Dv90 f = 0; span f =

% RESULTS: Determine values of results at DISTANCE L

% Check experimental length L with length at end of calculations.
% If L > L(calc end) then set L values to end values

% If L < L(calc end) then calc L values and save along with end
% values

=

if L > L t{1,1}(end)*1000 % L > L(calc end) so set L values to end values
t L = NaN;

Tinf fL = Tinf (end);

winf fL = winf (end);

RHinf fL = RHinf (end);

Va fL = va f; % (1/min)

Vel afL = Vel af; % (m/s)

<

dd_fL = dd_f;
dd_flp = dd_fp;
Td fL = Td £;

©°

Nmd L = Nmd; % just Nmds for the droplets that remain

Vol fL = Vol f;

Vol pct fL = Vol pct f;

Vol pct flp = Vol pct fp;

% Vol pct fL cum = cumsum(fliplr(Vol pct fL)); % cumul Vol in

o

% ascending order
°

Vw_fL = Vw_f; % volume flowrate (ml/min) for remaining droplets

D32 fL = D32 f;
D43 _fL = D43 f;
Dv10_fL = Dv10_f£f;

Dv50_ fL = Dv50_ f;
Dv90_ fL = Dv90_f;
span_fL = span_f;

else
$ If L < L(calc end) then calculate values at L
% Vector of droplet sizes and temperatures at some distance L
% from the initial mixing point
% Time at distance L
t L = interpl (L tm, t{1,1}, L/1000, 'linear'); % time to
% location L (s)

o

% Alr properties, flow rate and velocity at L

Tinf fL = interpl(t{l,1}, Tinf, t L, 'linear');

winf fL = interpl(t{1l,1}, winf, t L,'linear');

RHinf fL = interpl(t{1l,1}, RHinf, t L, 'linear');

Va fL = m _a*v_ptW HAP SI(Po, Tinf fL, winf fL)*1000*60; % (1/min)
Vel afL = Va_fL/60/1000/Flow_area*le6; % (m/s)

o

o

alculate volumes for final %$-volume distribution at distance
3 L. Interpolate (linear) to find droplet sizes at L
dd fL = interpl(t{l,1}, dd{1,1}, t L,'linear');
Td fL interpl (t{1,1}, Td{1,1}, t L,'linear');
for j = 2:Nt
if £{1,3}(end) > t L ;
dd fL = [dd fL, interpl(t{l,3j}, dd{1l,3j}, t L, 'linear')];
Td fL = [Td fL, interpl(t{l,3j}, Td{1,3}, t L,'linear')];
end
end
dd fLp = dd _fL; % for plotting bar graph

5

o°

)
= Q

Nmd L = Nmd(1l, l:length(dd fL)); % just Nmds for the droplets
% that remain

Vol fL = Nmd L*pi.*dd fL."3/6;

Vol pct fL = Vol fL/sum(Vol fL)*100;

Vol pct flLp = Vol pct fL; % for plotting bar graph

Vol pct fL cum = cumsum(fliplr(Vol pct fL)); % cumul Vol in
% ascending order
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Vw_fL = sum(Vol fL)*m a*1le6*60; % volume flowrate (ml/min)
% for remaining droplets

if length(dd fL) >= 2 % Only compute mean/median values if
% two or more bins remaining
% Droplet Mean diams. (D32, D43) and Dv10, Dv50 (= MMAD), Dv90
D32 fL = sum(Nmd(l:length(dd fL)).*dd fL."3)/...
sum (Nmd (1:length(dd fL)).*dd fL."2);
D43 fL = sum(Nmd(l:length(dd fL)).*dd fL."4)/...
sum (Nmd (1:length(dd fL)).*dd fL."3);
% Spraytech calc for Dv10, Dv50 etc uses Dupper rather than
Davg so set up vector of Dupper sizes that match dd fp
% sizes
dd fLv = fliplr(dd fL)*le6;
ind SPL = find(drop dist(3,:)> dd fLv(1,1),1, 'first");
%$index of matching droplet size
dd fSPL = drop dist(3,ind SPL(1,1));
% Dupper droplet size
for j = 2:length(dd fL) % create vectors of indices and
% Dupper droplet sizes
ind SPL = [ind SPL, find(drop dist(3,:)> dd fLv(1,]),
1,'first")1;
dd_fSPL = [dd fSPL, drop dist(3,ind SPL(1,3))]1;
end
Dv10_fL interpl (Vol_pct fL cum, dd_fsPL, 10, 'linear');
Dv50_fL interpl (Vol_pct fL cum, dd_fsPL, 50, 'linear');
Dv90 fL = interpl(Vol pct fL cum, dd fSPL, 90, 'linear');

span fL = (Dv90 fL - Dv10 fL)/Dv50 fL;

o\

o

else
D32 fL = 0; D43_fL = 0; Dvl0_fL = 0; Dv50_fL = 0;
Dv90_ fL = 0; span_fL = 0;
end
end
% Set up array of MODEL OUTPUT DISTRIBUTION (droplet size and vol%)
% for easy export to Excel. At END of calculation and at L

~d end = flipud([dd fp'*1000000, Vol pct fp'l); % in ascending order
L = flipud([dd_fLp'*1000000, Vol pct fLp'])

’

% Array of Final Droplet distribution parameters for easy export to
% Excel. At END of calculation and at L

dist_param_end = [Dv10_f Dv50_f Dv90_f span_f D32 _f*le6 D43_f*le6
0 Tinf (end) RHinf(end) L L_t{1,1} (end)*1000]1";

dist param L = [Dv10_fL Dv50 fL Dv90 fL span fL D32 fL*le6 D43 fL*le6
0 Tinf fL RHinf fLL L L t{1,1} (end)*1000]"';

o

o
0
>
<
!
o
£
0
c
£
=
0

% Finished all calculations: Write Workspace (all variables) to file
filedate = datestr(now, 'yyyy-mm-dd HH-MM-SS');

[~, comp name] = system('hostname');
filename = ['Saved Runs\', filedate,' ', num2str(Nt),...
' bins ', comp_name(1:6)];

ave (filename)

o° 0

o°

Write summary data to an Excel Spreadsheet for easy transfer to
distribution comparison spreadheets etc

xlsfilename = [filename, '.xlsx'];

dist param L cell(:,1) = {'Expt Date' 'Calc Date'...

'Notes 1' 'Notes 2' 'INPUTS'

'Tinf i' 'RHinf i' 'Va_ i' 'Td_ic' 'Vw' 'alphas' 'L' 'ID'

o°

'Distbn' '' 'ULTRASOUND' 'Frequency' 'SPL' 'Power' ''...
'OUTPUTS - Distbn Parameters at L' 'Dv10' 'Dv50'...
'Dv90"' 'span' 'D[32]' 'D[43]"'" "' "' "' 'Tinf(L)'...
'RHinf (L)' 'L' 'Length(end)' '' 'OUTPUTS - Size Distribution at L'...
'Diameter'};

dist param L cell(:,2) = {expt date [filedate, ' - (ULTRASOUND model) ']
notesl notes2 '' Tinf i RHinf 1
Va i Td ic Vw alpha L ID in drop distbn '' '' freg SPL Power '' '"'...
Dv10_ fL Dv50 fL Dv90 fL span fL D32 fL*le6 D43 fL*le6 '' '' '' .
Tinf fL RHinf fL L L t{1,1}(end)*1000 "' "' 'S Volume'};

dist param L cell(:,3) = {'' "'* "' "*v rroctott 1 /min' 'C' 'ml/min'
Tl ’mmT Tmmv T T T YkHZY YdBY YWY T T YumY YumY YumY L) luml
luml T T T YCY T YmmY YmmY T T YY};
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xlswrite(xlsfilename, dist param L cell)
xlswrite(xlsfilename, m o d L, 1, 'A38")

end
end
disp (' ***** Calculations Complete ***** ")
ODE function
function [dTP_dot] = Ms_11 5xj US ODE f(t, dTP)

oo

Modified for Ultrasound enhancement, f version for speed enhancements

oo

o°

Modified for change in droplet concentration to number per kg dry air

o°

% dTP(j) = droplet diameters, dd(j) (m)

% dTP(N + j) = droplet temperatures, Td(j) (C)

% dTP(2N + 1) = water vapour pressure in ambient air, Pinf (Pa)
% dTP(2N + 2) = ambient humid air temperature, Tinf (C)

lobal K1 K6 Po Nmd N p amp omega KLm KLh alpham alphah

o0 Q o°

o°

RHinf = dTP(2*N + 1)/ (pH20s pt HAP SI(Po,dTP(2*N + 2))*1000);

if RHinf > 1 % set RH to 1 if it goes over 1 as air becomes saturated
RHinf = 1;

end

% Humid Air - remaining properties at Tinf ie dTP (2N + 2)

winf = W _ptpH20 HAP_SI(Po, dTP(2*N + 2), dTP(2*N + 1)/1000);

% winf = W ptphi HAP SI(Po, dTP(N + 1i),RHinf);

vinf = v _ptW HAP SI(Po, dTP(2*N + 2), winf); % air sp. vol (m"3/kga)

Cpinf = cp ptW HAP SI(Po, dTP(2*N + 2), winf)*1000; % sp. ht cap of humid
% air (J/kg.C)

massfrac = XiAir W_HAP ST (winf); % mass fraction of dry air in moist air

% ============= Set up property arrays ==============

% Preallocate arrays for speed...

rho w = zeros(l1,N); Cp_w = zeros(l,N); h w = zeros(1,N);

sigma_w = zeros(l,N); Pd = zeros(1,N); Tfilm = zeros(1l,N); D w = zeros(1l,N);
wfilm = zeros(1,N); lam a = zeros(l,N); rho film = zeros(1l,N);

c film = zeros(1,N); nu film = zeros(1,N); Pr film = zeros(l,N);

Sc_film = zeros(1,N); Pfilm = zeros(1,N); Cpwvap = zeros(l,N);

v_amp = zeros(1l,N); Re osc = zeros(l,N); Nu = zeros(l,N); h H = zeros(1,N);
h M = zeros(1,N); Sh = zeros(1,N);

Lm = zeros(l,N); Lh = zeros(l,N);Cm = zeros(l,N); Ch = zeros(l,N);

& ———————- Liquid water properties at relevant Td's
% density of water droplets (kg/m"3)
rho w(j) = 1/vliq pt 97 SI(Po, dATP(N + j)); % density of water drop (kg/m"3)
% specific heat capacity of water droplets (J/kg.C)
Cp_w(j) = cp_ptx 97(Po/100, dTP(N + j), -1)*1000;
% latent heat of vaporisation (J/kg)
h w(j) = (hvaps_t_97_SI(dTP(N + j)) - hligs_t 97 _SI(dTP(N + j)))*1000;
% Surface Tension to enable calculation of Kelvin effect factor (N/m)
sigma w(j) = Sigma t 97 (dTP(N + 3j))/1000;
% droplet sat. vapour pressure , including Kelvin effect (Pa)
Pd(j) = pH20s_pt HAP SI(Po,dTP(N + j))*1000*...
exp (2*K1l*sigma w(3)/((dTP(N + j)+273.15)*rho_w(j)*dTP(3)));
T Humid Air - Transport properties (k or lambda and Dw)at Tfilm's
Film temperatures (C)
film(j) = (dTP(N + J) + dTP(2*N + 2))/2;
Diffusion coefficients (m"2/s)
 w(j) = 1.8948e-8/Po* (Tfilm(j) + 273.15)72.072; % Correct values
from Marrero & Martin 1972
Specific humidity of humid air in film (kg/kgda)
film(j) = W_ptphi HAP SI(Po,Tfilm(j), (1 + RHinf)/2);
thermal conductivity of humid air in film (W/m.K)
am_a(j) = Lambda ptW HAP SI(Po, Tfilm(j), wfilm(Jj));
density of humid air in film (kg/m"3)
rho film(j) = Rho ptW HAP SI(Po,Tfilm(j),wfilm(Jj));
% speed of sound in humid air in film (m/s)
c film(j) = c_ptW HAP SI(Po,Tfilm(j),wfilm(j));
% dynamic viscosity of humid air in film (Pa s)
eta film(j) = Eta ptW HAP SI(Po,Tfilm(j),wfilm(Jj));
% kinematic viscosity of humid air in film (m"2/s)
% nu_film(j) = Ny ptW HAP SI(Po,Tfilm(j),wfilm(3));

nu film(j) = etaifilm(j)/;hoifilm(j); % faster

% Specific heat capacity of humid air in film (J/kg.K)
Cp_film(j) = cp_ptW HAP SI(Po,Tfilm(j),wfilm(j))*1000;
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% Prandtl No. of humid air in film

% Pr_film(j) = Pr_ptW HAP SI(Po,Tfilm(j),wfilm(3));

Pr film(j) = Cp_fllm(j)*eta film(j)/lam a(j); % faster

% Schmidt No. for the humid air in the film

Sc_film(j) = nu film(3)/D w(J);

% partial pressure of water vapour in the film (Pa)

Pfilm(j) = (Pd(j) + dTP(2*N + 1))/2;

% specific heat capacity of water vapour (J/kg.C) at film temp and pressure
Cpwvap (j) = cp_ptx 97 (Pfilm(j) /100000, Tfilm(j), -1)*1000;

$ ———————- Convection coefficients in the film, h M and h H ------

% Velocity amplitude of the ultrasound wave (m/s)

v_amp (j) = p_amp/(rho film(j)*c film(j));

% Reynolds No. (oscillating)

Re osc(j) = v_amp(j)*dTP(J)/nu_film(Jj);

% Re s(j) = v amp(j)”"2/(nu_film(j)*freq rad); % Gopinath & Mills 1993 eqgn (8)
% Nusselt Number

% Nu(j) = 2; % Normal conduction (for sphere) For checking with Non U/S model
% Nu(j) = 1.413*pPr film(j)"0.7*Re_s(j)"0.5; % Gopinath & Mills 1993 eqgn (48)
% Nu(j) = 5.1; % Burdukov

Nu(j) = 2 + 0.55*Re_osc(j)"0.5*Pr film( (1/3) $Larsen, normal correlation
h H(j) = Nu(j)*lam a(j)/dTP(J);

% Sherwood number

% Sh(j) = 2; % Normal conduction (for sphere) For checking with Non U/S model
% Sh(j) = Nu(j); % Heat & Mass Transfer analogy

% Sh(j) = 5.1; % Burdukov For checking with Normal model

Sh(j) = 2 + 0.55*Re_osc(j)"0.5*Sc_film(j)"(1/3); %Larsen, normal correlation
h_M(j) = Sh(j)*D_w(j)/dTP(J);

% Knudsen Correction factors
% mean free paths
Lm(j) = KLm*(Tfilm(3j) + 273.15);

(

Lh(j) = KLh*(Tfilm(j) + 273.15);

Cm(j) = (1 + 2*Lm(J)/dTP(J))/ (1 + (4/(3*alpham)+0.377)*2*Lm(j)/dTP(j) +
4/ (3*alpham) * (2*Lm(j) /dTP (7)) "2);

Ch(j) = (1 + 2*Lh(J)/dTP(J)) /(1 + (4/(3*alphah)+0.377)*2*Lh(j)/dTP(j) +
4/ (3*alphah) * (2*Lh(j) /dTP(3)) "2);

end

% ODE's

dd dot = K1*Cm.*h M./rho w.* (dTP(2*N + 1)/ (dTP(2*N + 2)+273.15)...
- Pd./(dTP((N + 1):2*N)' + 273.15)); % ODE 1, all droplet sizes

Td dot = (6*h H.*Ch.* (dTP(2*N + 2) - dTP((N + 1):2*N)') + 3*rho w.*...

h_w.*dd_dot)./(rho_w.*Cp_w.*dTP(l:N)'); % ODE 2, all droplet sizes
Pinf dot = K6* (dTP(2*N + 2)+273.15)/vinf*sum(Nmd(1:N).*
rho w.*dTP(1:N)'.”2.*dd dot); % ODE 3,

% Tinf dot = 0; % use this when simulating Rao's model

Tinf dot = pi*massfrac/(2*Cpinf)*
sum (Nmd (1:N) . *dTP (1:N) '.~2.% (dTP(2*N + 2) - dTP((N + 1):2*N)"').*
(rho_w.*Cpwvap.*dd dot - 2*h H.*Ch));

dTP_dot = [dd_dot'; Td dot'; Pinf dot; Tinf dot];

o

o

Completion function

function [value,isterminal,direction] = finishb5xj (t,y)

Stop (Finish!) the integration when the diameter of the smallest droplet
passes through zero (ie evaporates) OR when environment is saturated,
(ie RH = 1)AND the temperature of the largest droplets is in equilibrium
with the air temperature.

STOP the integration in both cases.

o o o o o

o

lobal Po N

Calculate RH from its definition rathr than using the LibHuAir prop
function (problems if if goes just above 1)

RH = y(2*N + 1)/ (pH20s_pt HAP SI(Po,y(2*N + 2))*1000);

o° Q

o°

o°

T eglbm = 1; % Set T eqglbm = Td - Tinf to 1 until RH is close to 1

if RH > 0.999999 % when RH close to 1 then stop integration when T eglbm = 0
T eqglbm = y(N+1) - y(2*N + 2)-0.05;

end

value = [y(N) - .00000001 ; T eglbm]; % Detect diam. = 0 or temp equilibrium

isterminal = [1; 11; % Stop the integration in both cases

direction = [-1; 0]; % Negative direction only for diameter
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Appendix 4 - Detailed Results

A 4.1 Introduction

Experimental and theoretical model results are recorded in this appendix for each

evaporation trial that was carried out.

A 4.2 Detailed results - Normal evaporation

Experimental data was recorded for each trial as described in Chapter 5, section 5.5.

From this data the following results were generated for normal evaporation:

e Amount of water evaporation (measured in terms of the moisture content of the
air at the inlet and outlet, kg of water per kg of dry air)

e Table of size distribution parameters: Dv10, Dv50, Dv90, Span, D[3,2], D[4,3]
(at both inlet and outlet)

e Graph of droplet size distribution: % Volume versus droplet diameter at inlet and

at outlet

The initial and boundary conditions for each trial were also entered into the poly-
disperse droplet evaporation model described in Chapter 4 and comparative values for
the droplet size distribution, distribution parameters and amount of water evaporation
were determined. These were included along with the experimental results. Model
results have been calculated for two cases, where the accommodation coefficients are

set to a value of 0.04 and a value of 0.001.
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Trial 4.2.1 Air flow: 6 lpm, Length: 245 mm, Temperature: ambient

Volume %

Droplet size distributions

10

9 4—

Air Flowrate: 6 Ipm
Air Temp.: ambient

Conduitlength: 245 mm

0.1

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

10

Outlet (Model: a =0.001)

100

Experiment Date
Time

28/03/2013
15:01:55 - 15:05:48

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 6.43 - 6.22 6.22
Temperature °C 25.2 17.5 12.6 12.6
RH 0.142 0.916 1.00 1.00
Sp. Humidity g/kg 2.821 11.504 9.103 9.105
Water Droplet Properties
Flow rate ml/min 0.338 --- 0.291 0.291
Temperature °C 26.5 --- 12.6 12.6
Length to end of calculation 24.6 108
Outlet (Model: | Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (pum) 1.04 1.09 1.50 1.35
Dv(50) (um) 4.34 4.19 4.75 4.67
Dv(90) (pum) 9.38 8.68 9.81 9.76
Span 1.92 1.81 1.75 1.80
D[3][2] (um) 2.39 2.40 2.96 2.70
D[4][3] (um) 5.02 4.88 5.38 5.26
% Transm. 71.9% 50.5%
Conc. (Cv) ppm 19 40
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Trial 4.2.2 Air flow: 10 lpm, Length: 245 mm, Temperature: ambient

Volume %

Droplet size distributions

100.000

12
Air Flow rate: 10 Ipm
Air Temp.: ambient
Conduit length: 245 mm
10 +—
8 LN
6
4 /
£
2
[y
=l
Q ]
0.100 1.000 10.000
droplet diameter (um)
Input Outlet (Expt.) === Qutlet (Model: a =0.04) Outlet (Model: a =0.001)

Experiment Date
Time

28/03/2013

15:12:05-15:16:09

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 10.04 - 9.69 9.69
Temperature °C 25.1 15.7 12.0 12.0
RH 0.135 0.904 1.00 1.00
Sp. Humidity g/kg 2.665 10.102 8.789 8.789
Water Droplet Properties
Flow rate ml/min 0.338 - 0.266 0.266
Temperature °C 27 - 12.0 12.0
Length to end of calculation 38.4 212
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (um) 1.04 1.20 1.79 1.59
Dv(50) (um) 4.34 4.31 4.98 4.87
Dv(90) (um) 9.38 8.62 10.05 9.98
Span 1.92 1.72 1.66 1.72
D[3][2] (um) 2.39 2.51 3.36 2.95
D[4][3] (um) 5.02 4.81 5.58 5.41
% Transm. 71.9% 67.2%
Conc. (Cv) ppm 19 24
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Trial 4.2.3 Air flow: 15 lpm, Length: 245 mm, Temperature: ambient

Volume %

Droplet size distributions

12 —
Air Flow rate: 15 Ipm
Air Temp.: ambient
Conduit length: 245 mm
10 //\
6 I
. \
\
2
0
0.100 10.000

Input Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

100.000

Experiment Date
Time

28/03/2013

15:19:00-15:23:05

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 15.1 - 14.57 14.60
Temperature °C 25 14.5 11.8 12.5
RH 0.138 0.888 1.00 0.93
Sp. Humidity g/kg 2.708 9.172 8.669 8.394
Water Droplet Properties
Flow rate ml/min 0.338 - 0.233 0.238
Temperature °C 28 - 11.8 11.8
Length to end of calculation 55.7 627
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (um) 1.04 1.29 2.18 1.88
Dv(50) (um) 4.34 4.49 5.30 4,98
Dv(90) (um) 9.38 8.98 10.38 10.23
Span 1.92 1.72 1.55 1.68
D[3][2] (um) 2.39 2.62 3.78 3.28
D[4][3] (um) 5.02 4.99 5.82 5.56
% Transm. 71.9% 80.8%
Conc. (Cv) ppm 19 14
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Trial 4.2.4 Air flow: 20 lpm, Length: 245 mm, Temperature: ambient

Volume %

Droplet size distributions

12 —
Air Flow rate: 20 Ilpm
Air Temp.: ambient
Conduit length: 245 mm /\
10
| | \
6 — \\
4 i\
2
/\/
0 - | =
0.100 1.000 10.000

Input

Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

100.000

Experiment Date
Time

28/03/2013
15:25:31-15:29:34

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 20.1 - 19.39 19.53
Temperature °C 24.8 13.8 11.7 14.2
RH 0.146 0.889 1.00 0.75
Sp. Humidity g/kg 2.832 8.770 8.607 7.574
Water Droplet Properties
Flow rate ml/min 0.338 - 0.202 0.226
Temperature °C 27.2 - 11.7 11.8
Length to end of calculation 70.6 1440
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (um) 1.04 1.47 2.17 2.00
Dv(50) (um) 4.34 4.82 4.90 4,52
Dv(90) (um) 9.38 9.71 10.82 10.33
Span 1.92 iy 1.76 1.84
D[3][2] (um) 2.39 2.84 4.06 3.41
D[4][3] (um) 5.02 5.38 6.04 5.61
% Transm. 71.9% 87.5%
Conc. (Cv) ppm 19 9
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Trial 4.2.5 Air flow: 25 lpm, Length: 245 mm, Temperature: ambient

Volume %

Droplet size distributions

14
Air Flow rate: 25 Ipm
Air Temp.: ambient
oL Conduit length: 245 mm
10 /
3 AN/ l\
6 A \
/ \
/ |
4 / \
2 \
/\/
0 - ‘
0.100 1.000 10.000

Input

Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

100.000

Experiment Date 28/03/2013

Time

15:31:11-15:35:34

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 25.1 - 24.19 24.51
Temperature °C 24.6 13.1 11.2 15.8
RH 0.131 0.886 1.00 0.57
Sp. Humidity g/kg 2.509 8.344 8.330 6.427
Water Droplet Properties
Flow rate ml/min 0.338 - 0.167 0.223
Temperature °C 27.2 - 11.2 11.5
Length to end of calculation 136.8 2926
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (um) 1.04 1.75 2.38 2.03
Dv(50) (um) 4.34 5.26 5.27 4,55
Dv(90) (um) 9.38 10.62 11.39 10.37
Span 1.92 1.69 1.71 1.83
D[3][2] (um) 2.39 3.20 4.36 3.45
D[4][3] (um) 5.02 5.93 6.32 5.63
% Transm. 71.9% 91.4%
Conc. (Cv) ppm 19 7
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Trial 4.2.6 Air flow: 6 lpm, Length: 340 mm, Temperature: ambient

Volume %

Droplet size distributions

10 +—

Air Flow rate: 6 lpm

Air Temp.: ambient
® 7" conduit length: 340 mm \
8 ) \
7 //
6 /
5 /
4 /
3 iy
2

A/

0 A L]

Input

Outlet (Expt.)

1.000
droplet diameter (um)

Outlet (Model: a =0.04)

10.000

Outlet (Model: a =0.001)

100.000

Experiment Date
Time

28/03/2013
16:04:05 - 16:08:48

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 340

Experimental | odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 6.43 --- 6.21 6.21
Temperature °C 25.7 18.2 12.7 12.7
RH 0.137 0.911 1.00 1.00
Sp. Humidity g/kg 2.803 11.966 9.208 9.208
Water Droplet Properties
Flow rate ml/min 0.338 --- 0.290 0.290
Temperature °C 26.4 --- 12.7 12.7
Length to end of calculation 24.3 107
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a =0.04) o =0.001)
Dv(10) (um) 1.04 1.18 1.52 1.36
Dv(50) (um) 4.34 4.25 4.75 4.68
Dv(90) (um) 9.38 8.60 9.82 9.77
Span 1.92 1.74 1.74 1.80
D[3][2] (um) 2.39 2.48 2.97 2.70
D[4][3] (um) 5.02 4.88 5.39 5.27
% Transm. 71.9% 52.0%
Conc. (Cv) ppm 19 39
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Trial 4.2.7 Air flow: 10 lpm, Length: 340 mm, Temperature: ambient

Volume %

Droplet size distributions

100.000

12 +—
Air Flow rate: 10 lpm
Air Temp.: ambient
Conduit length: 340 mm
10
8 A
6
4
o
2
0 - ——
0.100 1.000 10.000
droplet diameter (um)
Input Outlet (Expt.) Outlet (Model: a =0.04) Outlet (Model:a =0.001)

Experiment Date
Time

28/03/2013

16:12:08 - 16:16:42

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 340

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 10.1 - 9.75 9.75
Temperature °C 25.4 16.2 12.3 12.3
RH 0.136 0.901 1.00 1.00
Sp. Humidity g/kg 2.733 10.401 8.921 8.921
Water Droplet Properties
Flow rate ml/min 0.338 - 0.265 0.265
Temperature °C 27.9 - 12.3 12.2
Length to end of calculation 38.4 215
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a=0.04) a=0.001)
Dv(10) (um) 1.04 1.25 1.80 1.60
Dv(50) (pum) 4.34 4.35 4.99 4.88
Dv(90) (um) 9.38 8.62 10.06 9.98
Span 1.92 1.69 1.66 1.72
D[3][2] (um) 2.39 2.56 3.37 2.96
D[4][3] (um) 5.02 4.86 5.58 5.41
% Transm. 71.9% 68.9%
Conc. (Cv) ppm 19 23
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Trial 4.2.8 Air flow: 15 lpm, Length: 340 mm, Temperature: ambient

Volume %

Droplet size distributions

12 —
Air Flow rate: 15 Ipm
Air Temp.: ambient
Conduit length: 340 mm
10 //\
| //\
6 [
4 \
2
0
0.100 10.000

Input

Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

100.000

Experiment Date
Time

28/03/2013

16:19:16 - 16:23:28

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 340

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 15.1 - 14.55 14.56
Temperature °C 25.2 14.9 11.7 11.9
RH 0.125 0.891 1.00 0.97
Sp. Humidity g/kg 2.482 9.448 8.565 8.455
Water Droplet Properties
Flow rate ml/min 0.338 - 0.230 0.233
Temperature °C 26.9 - 11.6 11.6
Length to end of calculation 55.5 647
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) a=0.04) o =0.001)
Dv(10) (um) 1.04 1.36 2.14 1.94
Dv(50) (um) 4.34 4.57 5.32 4.48
Dv(90) (um) 9.38 9.04 10.40 10.28
Span 1.92 1.68 1.55 1.86
D[3][2] (um) 2.39 2.70 3.81 3.36
D[4][3] (um) 5.02 5.07 5.84 5.59
% Transm. 71.9% 81.5%
Conc. (Cv) ppm 19 14
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Trial 4.2.9 Air flow: 20.1 lpm, Length: 340 mm, Temperature: ambient

Volume %

Droplet size distributions

12 —
Air Flow rate: 20 Ipm
Air Temp.: ambient
Conduit length: 340 mm /\
10 i
8 /7 —N\T
6 \
. / \\
2
0 - \ —
0.100 10.000

Input

Outlet (Expt.)

droplet diameter (um)

Outlet (Model: a =0.04)

Outlet (Model: a =0.001)

100.000

Experiment Date
Time

28/03/2013

16:25:19 - 16:29:30

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 340

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 o =0.001
Air Properties
Flow rate Ipm 20.1 --- 19.38 19.46
Temperature °C 24.8 13.87 11.4 13.0
RH 0.132 0.898 1.00 0.83
Sp. Humidity g/kg 2.559 8.901 8.445 7.780
Water Droplet Properties
Flow rate ml/min 0.338 --- 0.199 0.215
Temperature °C 26.9 --- 11.4 11.5
Length to end of calculation 71.0 1492
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (pum) 1.04 1.56 2.19 1.96
Dv(50) (um) 4.34 4.84 4.93 4.61
Dv(90) (pum) 9.38 9.58 10.86 10.44
Span 1.92 1.65 1.76 1.84
D[3][2] (pum) 2.39 2.93 4.09 3.54
D[4][3] (um) 5.02 5.38 6.06 5.67
% Transm. 71.9% 88.7%
Conc. (Cv) ppm 19 9
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Trial 4.2.10 Air flow: 25 Ipm, Length: 340 mm, Temperature: ambient

Volume %

14

12 +—

10

Air Flow rate: 25 lpm
Air Temp.: ambient
Conduit length: 340 mm

Droplet size distributions

\

0
0.100

Input

Outlet (Expt.)

droplet diameter (um)

Outlet (Model: a =0.04)

10.000

Outlet (Model: a =0.001)

100.000

Experiment Date
Time

28/03/2013
16:30:43 - 16:35:04

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 340

Experimental Model Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 25.15 - 24.25 24.48
Temperature °C 24.7 13.43 11.4 14.8
RH 0.138 0.904 1.00 0.67
Sp. Humidity g/kg 2.660 8.704 8.447 7.037
Water Droplet Properties
Flow rate ml/min 0.338 - 0.168 0.209
Temperature °C 27.8 --- 11.4 11.6
Length to end of calculation 135.7 2938
Outlet (Model: | Outlet (Model:

Parameter Unit Input Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (um) 1.04 1.85 2.36 1.89
Dv(50) (um) 4.34 5.25 5.26 4.66
Dv(90) (um) 9.38 10.32 11.37 10.52
Span 1.92 1.61 1.71 1.85
D[3][2] (um) 2.39 3.29 4.35 3.58
D[4][3] (um) 5.02 5.86 6.31 5.70
% Transm. 71.9% 93.0%
Conc. (Cv) ppm 19 6
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Trial 4.2.11 Air flow: 6 lpm, Length: 245 mm, Temperature: 34 °C

Volume %

Droplet size distributions

10

9 4—

Air Flowrate: 6 lpm
Air Temp.: 34°C

Conduitlength: 245 mm

A

/.

\

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

10

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014

10:27:03 - 10:33:06

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 6.06 - 5.75 5.75
Temperature °C 35.4 18.7 15.3 15.4
RH 0.0503 0.93 1.00 1.00
Sp. Humidity g/kg 1.790 12.617 10.938 10.942
Water Droplet Properties
Flow rate ml/min 0.328 - 0.265 0.265
Temperature °C 25.8 --- 15.4 15.3
Length to end of calculation 32.7 121
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (um) 1.14 0.96 1.86 1.64
Dv(50) (um) 4.58 4.19 5.20 5.09
Dv(90) (um) 10.43 8.90 11.38 11.30
Span 2.03 1.90 1.83 1.89
D[3][2] (um) 2.53 2.28 3.58 3.10
D[4][3] (um) 5.96 4.98 6.68 6.50
% Transm. 72.8% 53.6%
Conc. (Cv) ppm 20 34
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Trial 4.2.12 Air flow: 10 lpm, Length: 245 mm, Temperature: 34 °C

Volume %

Droplet size distributions

12

Air Flowrate: 10 lpm
Air Temp.: 34°C
Conduitlength: 245 mm

10

0.1

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014
10:12:17 - 10:18:05

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 10 - 9.48 9.48
Temperature °C 35.1 17.5 14.9 15.0
RH 0.0491 0.92 1.00 1.00
Sp. Humidity g/kg 1.718 11.555 10.631 10.617
Water Droplet Properties
Flow rate ml/min 0.328 --- 0.227 0.227
Temperature °C 26.4 --- 14.9 14.9
Length to end of calculation 53.0 308
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (um) 1.14 1.12 2.33 2.07
Dv(50) (um) 4.58 4.50 5.62 4.96
Dv(90) (um) 10.43 9.52 11.97 11.84
Span 2.03 1.87 1.72 1.97
D[3][2] (um) 2.53 2.49 4.08 3.62
D[4][3] (um) 5.96 5.38 7.12 6.85
% Transm. 72.8% 73.3%
Conc. (Cv) ppm 20 19
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Trial 4.2.13 Air flow: 15 Ipm, Length: 245 mm, Temperature: 34 °C

Volume %

12

Droplet size distributions

Air Flowrate: 15 lpm
Air Temp.: 34°C
Conduitlength: 245 mm

10

0.1

\
ha=——=\

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

10

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014
09:45:51 - 09:52:01

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 15.1 - 14.30 14.38
Temperature °C 35.4 16.7 15.0 16.9
RH 0.0508 0.91 1.00 0.81
Sp. Humidity g/kg 1.808 10.852 10.661 9.815
Water Droplet Properties
Flow rate ml/min 0.328 --- 0.177 0.191
Temperature °C 26.9 --- 15.0 15.0
Length to end of calculation 77.1 1049
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (um) 1.14 1.58 2.50 2.10
Dv(50) (um) 4.58 5.06 5.46 5.06
Dv(90) (um) 10.43 10.21 13.54 12.76
Span 2.03 1.70 2.02 2.10
D[3][2] (um) 2.53 3.00 4.59 3.96
D[4][3] (pm) 5.96 5.79 7.80 7.19
% Transm. 72.8% 86.9%
Conc. (Cv) ppm 20 10
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Trial 4.2.14 Air flow: 20 lpm, Length: 245 mm, Temperature: 34 °C

Volume %

Droplet size distributions

14

12 +—

Air Flowrate: 20 lpm
Air Temp.: 34°C
Conduitlength: 245 mm

Experiment Date
Time

29/11/2014
09:57:38 - 10:06:36

10

sy

-2

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 20 - 18.91 19.20
Temperature °C 35.8 16.2 14.9 20.5
RH 0.0474 0.92 1.00 0.55
Sp. Humidity g/kg 1.724 10.624 10.632 8.298
Water Droplet Properties
Flow rate ml/min 0.328 - 0.127 0.179
Temperature °C 25.7 --- 14.9 15.1
Length to end of calculation 137.6 2778
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (um) 1.14 1.84 2.71 2.20
Dv(50) (um) 4.58 5.68 6.22 5.18
Dv(90) (um) 10.43 11.49 16.23 13.13
Span 2.03 1.70 2.17 2.11
D[3][2] (um) 2.53 3.36 5.12 4.05
D[4][3] (um) 5.96 6.43 8.81 7.33
% Transm. 72.8% 93.3%
Conc. (Cv) ppm 20 6
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Trial 4.2.15 Air flow: 6 Ipm, Length: 245 mm, Temperature: 48 °C

Volume %

Droplet size distributions

10

Air Flowrate: 6 lpm
Air Temp.: 48°C

| Conduitlength: 245 mm

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

10

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014
14:50:35 - 14:54:50

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \jodel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 6.13 --- 5.77 5.77
Temperature °C 39.2 19.6 16.5 16.5
RH 0.0362 0.931 1.00 1.00
Sp. Humidity g/kg 1.584 13.376 11.758 11.759
Water Droplet Properties
Flow rate ml/min 0.345 - 0.275 0.275
Temperature °C 25.2 --- 16.5 16.4
Length to end of calculation 30.5 115
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (m) 1.10 1.15 1.87 1.65
Dv(50) (pum) 4.54 4.40 5.20 5.09
Dv(90) (um) 10.15 9.04 10.95 10.85
Span 1.99 1.79 1.75 1.81
D[3][2] (pum) 2.49 2.49 3.58 3.10
D[4][3] (um) 5.66 5.13 6.35 6.16
% Transm. 70.8% 50.6%
Conc. (Cv) ppm 21 41
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Trial 4.2.16 Air flow: 10 Ipm, Length: 245 mm, Temperature: 48 °C

Volume %

12

10

Droplet size distributions

Air Flowrate: 10 lpm
Air Temp.: 48°C
Conduitlength: 245 mm

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014
14:38:19 - 14:43:24

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 10.14 - 9.46 9.46
Temperature °C 44.7 20.3 17.9 18.0
RH 0.0206 0.923 1.00 0.99
Sp. Humidity g/kg 1.203 13.860 12.897 12.856
Water Droplet Properties
Flow rate ml/min 0.345 - 0.215 0.215
Temperature °C 28.5 --- 17.9 17.9
Length to end of calculation 46.1 355
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (pm) 1.10 1.33 2.21 1.98
Dv(50) (um) 4.54 4.72 5.08 4.90
Dv(90) (um) 10.15 9.86 11.80 11.63
Span 1.99 1.80 1.89 1.97
D[3][2] (um) 2.49 2.72 4.26 3.80
D[4][3] (um) 5.66 5.63 6.93 6.60
% Transm. 70.8% 73.0%
Conc. (Cv) ppm 21 21
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Trial 4.2.17 Air flow: 15 Ipm, Length: 245 mm, Temperature: 48 °C

Volume %

Droplet size distributions

14

12 +—

Air Flowrate: 15 lpm
Air Temp.: 48°C
Conduitlength: 245 mm

10

0.1

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

10

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014
14:20:45 - 14:28:11

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 15.03 - 13.93 14.05
Temperature °C 47.8 20.2 18.6 21.8
RH 0.0158 0.918 1.00 0.74
Sp. Humidity g/kg 1.081 13.696 13.512 12.144
Water Droplet Properties
Flow rate ml/min 0.345 --- 0.142 0.164
Temperature °C 27 --- 18.6 18.7
Length to end of calculation 66.0 1308
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (um) 1.10 1.20 2.55 2.16
Dv(50) (pum) 4.54 5.24 5.98 5.38
Dv(90) (pum) 10.15 11.37 13.82 11.78
Span 1.99 1.94 1.88 1.79
D[3][2] (pum) 2.49 2.69 4.93 4.15
D[4][3] (um) 5.66 6.11 7.91 7.03
% Transm. 70.8% 89.1%
Conc. (Cv) ppm 21 8
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Trial 4.2.18 Air flow: 20 lpm, Length: 245 mm, Temperature: 48 °C

Volume %

Droplet size distributions

14

12 +—

Air Flowrate: 20 lpm
Air Temp.: 48°C
Conduitlength: 245 mm

/\

10

\
\ \

\

0.1

Inlet Outlet (Expt.)

droplet diameter (um)

=== Qutlet (Model: a =0.04)

10

Outlet (Model: a =0.001)

100

Experiment Date
Time

29/11/2014
14:11:36 - 14:13:16

Conduit Properties Unit Value
Diameter mm 22.5
Length mm 245

Experimental | \odel Results at OUTLET

Parameter Unit INLET Results at
OUTLET a=0.04 a =0.001
Air Properties
Flow rate Ipm 17.33 - 16.07 16.32
Temperature °C 47.3 20.5 18.4 23.9
RH 0.0161 0.888 1.00 0.59
Sp. Humidity g/kg 1.074 13.492 13.345 11.014
Water Droplet Properties
Flow rate ml/min 0.345 --- 0.113 0.157
Temperature °C 27.2 --- 18.4 18.5
Length to end of calculation 116.0 2244
Outlet (Model: [ Outlet (Model:

Parameter Unit Inlet Outlet (Expt.) o =0.04) o =0.001)
Dv(10) (pm) 1.10 1.32 2.88 2.26
Dv(50) (um) 4.54 5.53 6.13 5.46
Dv(90) (um) 10.15 11.68 15.28 11.24
Span 1.99 1.88 2.02 1.65
D[3][2] (um) 2.49 2.85 5.23 4.19
D[4][3] (pm) 5.66 6.26 8.50 7.10
% Transm. 70.8% 94.2%
Conc. (Cv) ppm 21 4




A 4.3 Detailed Results - Ultrasound Enhanced Evaporation
For each trial, using the ultrasound enhance apparatus, the following typical results

were generated from the recorded data for both normal and ultrasound enhanced

evaporation cases:

e Amount of water evaporation (measured in terms of the moisture content of the
air at the inlet and outlet, kg of water per kg of dry air)

e Table of size distribution parameters: Dv10, Dv50, Dv90, Span, D[3,2], D[4,3]
(at both inlet and outlet)

e Graph of droplet size distribution: % Volume versus droplet diameter at inlet and

at outlet

The initial and boundary conditions for each trial were also entered into the ultrasound
enhanced droplet evaporation model described in Chapter 4 and comparative values for
the droplet size distribution, distribution parameters and amount of water evaporation
were determined. These were included along with the experimental results. Model
results have been calculated for two cases, where the accommodation coefficients are

set to a value of 0.04 and a value of 0.001.
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Trial 4.3.1 Ultrasound Power: 2 W, Air Flow: 6.5 lpm

Droplet size distributions - Effect of Ultrasound
14

U/S Power: 2 W
Air flow: 6.5 lpm

.| [\

Experiment Date
Time

9/06/2014
14:40:33 - 14:49:03

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 2

ExeerineptResuts Model Results at OUTLET
Parameter Unit INLET SLOUTLET]

u/soff | u/son LSO I DS

©=0.04 [2=0.001] «=0.04 [ =0.001

Air Properties
Flow rate lpm 6.515 = == 6.30 6.30 6.31 6.31
Temp. °C 21.95 19.2 20.1 9.8 9.8 10.0 10.0
Rel. Hum. 0.101 0.937 0.94 1.003 1.001 1.003 1.000
Sp. Humidity g/kg 1.65 13.13 13.94 7.58 7.58 7.65 7.65

Water Droplet Properties

droplet diameter (um)

==—I|nlet == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

X 3
GJ
2
B /1] \\
) \
NEREPAY)
0.100 1.000 10.000 100.000
droplet diameter (um)
==|nlet ====Outlet, U/S Off (Expt.) ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 2 W
12 4 Air flow: 6.5 lpm /A\
10
E A
L
= / \ \
32
g [ ]\
) J
2 s/
Aﬁl-//
0 = :
0.100 1.000 10.000 100.000

Flow rate [ mi/min | 0323 — | = T o277 | o277 [ 0277 | 0277
Temp. c | 244 — | = | 98 | 98 | 100 | 100
Length to end of calculation 1 5 1 4
) ExPenaT;Et_:ll_:: St Model Results at OUTLET
Parameter Unit INLET UJS Off U/s0n
U/SOff | U/SOn o554 Ta=0.001] @=0.04 [ =0.001

Dv(10) (um) 1.02 2.19 3.49 1.46 1.33 1.45 131
Dv(50) (um) 4.19 5.02 7.23 4.58 4.51 4.57 4.50
Dv(90) (um) 8.91 8.89 13.15 9.26 9.20 9.26 9.20
Span 1.88 1.33 1.33 1.70 1.75 1.71 1.75
D[3][2] (um) 2.34 3.51 5.30 2.86 2.63 2.82 2.61
D[4][3] (um) 4.78 5.54 8.10 5.12 5.01 5.11 4.99
% Transm. 76.9% 63.3% 78.6% - - - -
Conc. (Cv) ppm 14.9 40.0 32.6 - - - -
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Trial 4.3.2 Ultrasound Power: 2 W, Air Flow: 8 lpm

Experiment Date 9/06/2014
Droplet size distributions - Effect of Ultrasound Time 15:01:58 - 15:07:59
14
U/S Power: 2 W Conduit Properties Unit Value U/S Field Unit Value
n L Airflow: 8lpm N Diameter mm 100 Frequency | kHz 217
m \ Length mm 300 Power W 2
10 Experimental Results
Model Results at OUTLET
N at OUTLET
R g Parameter Unit INLET /s off | TEG
o u/soff | u/son 0
E @=0.04 [0=0.001| a=0.04 [a=0.001
§ 6 Air Properties
Flow rate lpm 8.1 - - 7.84 7.84 7.83 7.83
Temp. °C 21.75 18 18.8 5] 9.5 9.5 9.5
4 \ Rel. Hum. 0096 | 0935 0.935 1,003 | 1000 | 2.003 | 1.000
\ Sp. Humidity g/kg 1.56 12.13 12.77 7.39 7.39 7.40 7.40
2 Water Droplet Properties
" -
Flow rate [ m/min [ 0323 [ —= [ = [ 0267 | 0267 | 0267 | 0.267
o LN Temp. | ¢ | 2375 | = | = | 95 | 95 | 95 | o5
0.1 1 10 100 Length to end of calculation 1 7 1 6
droplet diameter (um)
ExpelimentalResHits Model Results at OUTLET
===|nlet ===Outlet, U/S Off (Expt.) ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET U/ Off U/son
ff
U/SOff | U/SOn 105164 [ =0.001| @=0104 [ =0.001
. Dv(10) (um) 1.02 2.00 2.98 1.58 1.43 1.57 1.41
Droplet size distributions - Expt. and Model bv(50) (um) 219 282 612 268 250 267 A58
14 Dv(90) (pum) 8.91 8.53 10.91 9.37 9.31 9.37 9.30
U/S Power: 2 W Span 1.88 1.36 1.30 1.66 1.72 1.67 1.72
12 4 Airflow:8lpm A\ D[3][2] (um) 2.34 3.30 4.51 3.02 2.72 2.97 2.70
/ \ D[4][3] (um) 4.78 5.20 6.80 5.20 5.06 5.19 5.05
10 % Transm. 76.9% 68.2% 75.2% = == === ==
/\ \ Conc. (Cv) ppm 14.9 31.4 32.6 - - - -
S /
o
¢ / \
3
8 / / \\\
4 // \
, 4 \
9—\/4-/ \k
0 A ! -
0.1 1 10 100
droplet diameter (um)
e 11513 === Qutlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.3 Ultrasound Power: 2 W, Air Flow: 10 Ipm

Experiment Date 9/06/2014

Droplet size distributions - Effect of Ultrasound Time 15:37:00 - 15:43:30
14
U/S Power: 2 W Conduit Properties Unit Value U/S Field Unit Value
w Air flow: 10 lpm A Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 2
10 -
// \\ el RS Model Results at OUTLET
N at OUTLET
R g /N Parameter Unit INLET /s off | o
o u/s off u/son
E @=0.04 | 0=0.001] 2=0.04 [a=0.001
§ 6 Air Properties
Flow rate Ipm 9.96 - - 9.64 9.64 9.62 9.62
/// \ Temp. °C 21.5 17.3 17.6 9.1 9.1 9.2 9.2
4 \ Rel. Hum. 0.09465 0.933 0.935 1.002 1.000 1.002 1.000
/'j/ \\ Sp. Humidity g/kg 1.50 11.57 11.82 7.22 7.22 7.26 7.27
2 " Water Droplet Properties
-/\// & Flow rate [ mi/min | 03238 | = [ = [ 0255 [ 0255 [ 0255 | 0.255
o =LA Temp. [ e [ s - - ea | ea [ 92 [ 92
0.1 1 10 100 Length to end of calculation 2 11 1 10
droplet diameter (um)
g Model Results at OUTLET
==|nlet === Outlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/s0n
U/Soff | U/Son 104 Ta=0001[ 020104 [« = 0.001
. Dv(10) (um) 1.02 1.94 2.59 1.71 1.54 1.70 1.53
Droplet size distributions - Expt. and Model Dv(50) (um) 219 288 5.50 279 4.69 278 4.68
14 Dv(90) (um) 8.91 8.70 9.71 9.50 9.42 9.50 9.41
U/S Power: 2 W Span 1.88 1.40 1.29 1.63 1.68 1.63 1.69
15 | Airflow:10lpm \ D[3][2] (um) 2.34 3.26 3.95 3.21 2.85 3.16 2.82
/ \ D[4][3] (um) 4.78 5.24 5.98 5.29 5.13 5.27 5.11
10 % Transm. 76.9% 74.6% 76.9% - - - -
Conc. (Cv) ppm 14.9 23.8 26.2 - - - -

Volume %

100

droplet diameter (um)

=—I|nlet === Qutlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.4 Ultrasound Power: 2 W, Air Flow: 12 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

9/06/2014
15:52:26 - 15:57:47

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 2

el RS Model Results at OUTLET

N at OUTLET

Parameter Unit INLET

e e u/s Off [ U/sOn

@=0.04 | 0=0.001] 2=0.04 [a=0.001

Air Properties
Flow rate Ipm 12.1 === === 11.69 11.69 11.69 11.69
Temp. °C 21.9 16.3 16.6 9.2 9.2 9.3 9.3
Rel. Hum. 0.09405 0.927 0.93 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.53 10.78 11.02 7.28 7.28 7.29 7.29
Water Droplet Properties
Flow rate mi/min | 0323 [ - 0240 | 0241 | 0240 | 0.240
Temp. c | 244 | 93 | 92 | 93 | 92
Length to end of calculation 2 18 1 17

droplet diameter (um)

=—I|nlet === Qutlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

14
U/S Power: 2 W
Air flow: 12 Ilpm
| A
10 / \\
R 3 /\
o
€
3
S 6
4 \
. | LAA
0.1 1 10 100
droplet diameter (um)
===|nlet === Outlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 2 W
12 Air flow: 12 lpm
10
R 3
[
£
3
g 6
4
2
0 f—
0.1 100

) ExPe"aT;:t:::: Sults Model Results at OUTLET
Parameter Unit INLET /s off U/s0n
U/SOff | U/sOn o564 a=0.001[ =004 [a-0.001
Dv(10) (um) 1.02 1.82 2.23 1.90 1.68 1.87 1.66
Dv(50) (um) 4.19 4.76 5.13 4.93 4.81 4.92 4.79
Dv(90) (um) 8.91 8.67 9.03 9.67 9.57 9.66 9.56
Span 1.88 1.44 1.33 1.58 1.64 1.58 1.65
D[3][2] (um) 2.34 3.13 3.57 3.43 3.03 3.38 2.98
D[4][3] (um) 4.78 5.13 5.50 5.39 5.21 5.37 5.18
% Transm. 76.9% 80.8% 82.3% - - - -
Conc. (Cv) ppm 14.9 16.6 17.4 - - - -
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Trial 4.3.5 Ultrasound Power: 2 W, Air Flow: 15 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

9/06/2014

16:03:36 - 16:08:11

=Inlet

droplet diameter (um)

=== Qutlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04)

Outlet, U/S On (Model a=0.001)

12
U/S Power: 2 W
Air flow: 15 Ilpm A
10 / \
3 /™\
ES
[
€ 6
3
S
4
) \
AV~ N
0
0.1 1 10 100
droplet diameter (um)
===|nlet === Outlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 2 W
Air flow: 15 lpm A
10 + / \
8
Bs \
[
E 6
3
g \
4 | 11l
Vi \
2
_/\ fv \
. L2 |
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 2

el RS Model Results at OUTLET

N at OUTLET

Parameter Unit INLET

e e u/s Off [ U/sOn

@=0.04 | 0=0.001] 2=0.04 [a=0.001
Air Properties
Flow rate Ipm 14.95 === === 14.48 14.48 14.38 14.38
Temp. °C 21.9 15.5 15.6 9.1 9.1 9.0 9.0
Rel. Hum. 0.0892 0.92 0.923 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.45 10.15 10.25 7.23 7.23 7.17 7.17
Water Droplet Properties
Flow rate mi/min | 0323 == | = 0221 | 0222 | 0221 | 0221
Temp. °C 25.15 = | = 91 | 91 | 90 | 90
Length to end of calculation 2 33 2 30
) ExPe"aT;:t:::: Sults Model Results at OUTLET
Parameter Unit INLET /s off U/s0n

U/SOff | U/sOn o564 a=0.001[ =004 [a-0.001
Dv(10) (um) 1.02 172 1.96 2.11 1.88 2.10 1.86
Dv(50) (um) 4.19 4.78 4.98 5.01 4.33 5.00 431
Dv(90) (um) 8.91 8.95 9.07 9.88 9.76 9.87 9.75
Span 1.88 1.51 1.43 1.55 1.82 1.56 1.83
D[3][2] (um) 2.34 3.05 3.31 3.65 3.26 3.61 3.22
D[4][3] (um) 4.78 5.21 5.40 5.52 5.30 5.50 5.27
% Transm. 76.9% 85.3% 87.4% - - - -
Conc. (Cv) ppm 14.9 12.0 11.1 - - - -
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Trial 4.3.6 Ultrasound Power: 2 W, Air Flow: 18 Ipm

Droplet size distributions - Effect of Ultrasound
12
U/S Power: 2 W
Air flow: 18 lpm
10 N\
3 /™\
ES
o
€ 6
3
S
4
, ,N
0.1 1 10 100
droplet diameter (um)
===|nlet === Outlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 2 W
Air flow: 18 Ipm
i /7\\
3 ™\
Bs \
[
E 6
3
2
4
2
o
0.1 100
droplet diameter (um)
=—I|nlet === Qutlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Experiment Date 9/06/2014
Time 16:13:34 - 16:18:38
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 2

el RS Model Results at OUTLET

N at OUTLET

Parameter Unit INLET

e e u/s Off [ U/sOn

@=0.04 | 0=0.001] 2=0.04 [a=0.001
Air Properties
Flow rate Ipm 18.1 === === 17.46 17.46 17.46 17.46
Temp. °C 21.8 14.7 14.8 8.9 8.9 8.9 8.9
Rel. Hum. 0.0858 0.918 0.923 1.000 1.000 1.000 1.000
Sp. Humidity g/kg 139 9.61 9.73 7.10 7.10 7.11 7.11
Water Droplet Properties
Flow rate mi/min | 0323 == | = 0200 | 0.200 | 0.200 | 0.200
Temp. °C 26.05 == | == 89 | 89 [ 89 [ 89
Length to end of calculation 3 58 2 53
) ExPe"aT;:t:::: Sults Model Results at OUTLET
Parameter Unit INLET /s off U/s0n

U/SOff | U/sOn o564 a=0.001[ =004 [a-0.001
Dv(10) (um) 1.02 1.56 1.83 2.10 1.93 2.06 1.87
Dv(50) (um) 4.19 4.80 5.09 4.74 4.48 471 4.46
Dv(90) (um) 8.91 9.61 9.87 10.11 9.98 10.10 9.95
Span 1.88 1.68 1.58 1.69 1.79 1.71 1.81
D[3][2] (um) 2.34 2.93 3.24 3.84 3.48 3.79 3.43
D[4][3] (um) 4.78 5.39 5.64 5.66 5.39 5.63 525
% Transm. 76.9% 89.8% 90.3% - - - -
Conc. (Cv) ppm 14.9 7.8 8.2 - - - -
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Trial 4.3.7 Ultrasound Power: 2 W, Air Flow: 20 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

9/06/2014
16:25:36 - 16:29:59

droplet diameter (um)

=—I|nlet === Qutlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

12
U/S Power: 2 W
Air flow: 20 Ipm
10 o\
3 /™\
[
€ 6
3
4
2 v/ \\
, N
0.1 1 10 100
droplet diameter (um)
===|nlet === Outlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 2 W
Air flow: 20 Ipm
10 +
8
X
[
E 6
3
2
4
2 _/\/
o ,//\/
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 2

el RS Model Results at OUTLET

N at OUTLET

Parameter Unit INLET

e e u/s Off [ U/sOn

@=0.04 | 0=0.001] 2=0.04 [a=0.001
Air Properties
Flow rate Ipm 20.15 === === 19.39 19.39 19.49 19.49
Temp. °C 21.8 14.3 14.3 8.8 8.8 8.9 8.9
Rel. Hum. 0.08855 0.917 0.921 1.000 1.000 1.000 1.000
Sp. Humidity g/kg 143 9.35 9.39 7.08 7.08 7.09 7.09
Water Droplet Properties
Flow rate mi/min | 0323 — | — [ oass | o1ss | 0187 | o.1s7
Temp. ‘c__ | 245 — [ — | 88 | 88 | 89 [ 88
Length to end of calculation 3 80 3 74
) ExPe"aT;:t:::: Sults Model Results at OUTLET
Parameter Unit INLET /s off U/s0n

U/SOff | U/sOn o564 a=0.001[ =004 [a-0.001
Dv(10) (um) 1.02 1.63 1.81 2.14 1.93 2.13 1.91
Dv(50) (um) 4.19 4.96 5.12 4.77 4.58 4.76 4.56
Dv(90) (um) 8.91 9.95 10.04 10.25 10.10 10.25 10.09
Span 1.88 1.68 1.61 1.70 1.79 1.71 1.79
D[3][2] (um) 2.34 3.03 3.22 3.95 3.57 3.91 3.53
D[4][3] (um) 4.78 5.58 5.72 5.74 5.44 5.72 5.41
% Transm. 76.9% 91.2% 91.6% - - - -
Conc. (Cv) ppm 14.9 6.9 7.0 - - - -




Trial 4.3.8 Ultrasound Power: 5 W, Air Flow: 6.5 lpm

e

Experiment Date 29/05/2014
Droplet size distributions - Effect of Ultrasound Time 11:31:13 - 11:36:00
14
U/S Power: 5 W Conduit Properties Unit Value U/S Field Unit Value
L Airflow: 6.5 Ipm Diameter mm 100 Frequency kHz 21.7
\ Length mm 300 Power W 5
10 /\ Experimental Results
2t OUTLET Model Results at OUTLET
R g A Parameter Unit INLET OISR | 50
@ u/soff | u/son / /s On
E @=0.04 | 0=0.001] «=0.04 [ o =0.001
§ 6 Air Properties
Flow rate lpm 6.55 —- —- 6.34 6.34 6.34 6.34
Temp. °C 21 18.65 19.6 9.0 9.0 9.1 9.1
4 \ Rel. Hum. 0.0952 0.932 0.936 1.003 1.001 1.003 1.000
\ Sp. Humidity g/kg 1.46 12.60 13.45 7.15 7.16 7.21 7.22
2 7\ Water Droplet Properties
N&/ k\ Flow rate [ m/min | 03 | = [ = [ 025 | 025 [ 0255 [ 0.255
o Temp. [ c | 2275 | = | = | 90 [ 90 | 91 | 91
0.1 1 10 100 Length to end of calculation 0 1 5 1 4
droplet diameter (um)
EperlnenE s Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/50
n
u/s off u/s o
f /SOn =504 [ =0.001[ /020104 [« = 0,001
Droplet size distributions - Expt. and Model bv(10) (pm) OFE 0 38 SR 120 TN 118
Dv(50) (um) 3.90 4.83 10.19 4.31 4.4 431 4.23
16 Dv(90) (um) 8.51 8.90 17.76 .87 .83 8.86 8.82
1wl Span 1.94 1.49 1.36 1.74 1.80 1.75 1.80
:/fﬂ:‘j:es’:l ":’" D[3][2] (um) 2.17 3.03 5.38 2.65 2.44 2.61 2.42
w L P05 P D[4][3] (um) 4.53 5.35 10.93 4.88 4.76 4.86 4.75
\ % Transm. 711% | 626% | 88.3%
10 Conc. (Cv) ppm 17.8 35.1 17.2 - - - -
: [\
[
£ s A
2
s )
6 \
4 v 4 /
2 /
0 — t
0.1 1 10 100
droplet diameter (um)
= |nlet == Qutlet, U/S On (Expt.)
=== Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.9 Ultrasound Power: 5 W, Air Flow: 8 Ipm

Experiment Date
Time

29/05/2014
11:51:54 - 11:55:14

Droplet size distributions - Effect of Ultrasound
14
U/S Power: 5 W
Air flow: 8 lpm
12 + / \
) /f\\/ \
X 3 N\
Q
: 7\
3
B /o /\
4 \ \
2 A\/ __“/_{.//-// \\!&
. .A/:
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 5 W
19 4 Air flow: 8 lpm
10
X g
GJ
13
32
S 6
a4
2
o>
0 =
0.1 1 10 100
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 5

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 8.055 —- —- 7.80 7.80 7.80 7.80
Temp. °C 21.2 17.8 19.11 9.2 9.2 9.3 9.3
Rel. Hum. 0.0973 0.937 0.939 1.003 1.000 1.003 1.000
Sp. Humidity g/kg 1.51 12.00 13.08 7.27 7.27 731 7.31
Water Droplet Properties
Flow rate [ mimin [ 03 — [ = T 0245 | 0245 | 0224 | 0245
Temp. [ ~c 25.95 — | | 92 | 92 | 93 [ 93
Length to end of calculation 1 7 1 6

Experieral eSS Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.66 3.71 1.46 131 144 1.29
Dv(50) (um) 3.90 4.65 10.21 4.41 4.32 4.40 4.31
Dv(90) (um) 8.51 8.45 17.96 8.95 8.90 8.95 8.89
Span 1.94 1.46 1.40 1.70 1.76 1.71 1.76
D[3][2] (um) 2.17 2.95 5.39 2.80 2.52 2.75 2.50
D[4][3] (um) 4.53 5.03 10.95 4.95 4.82 4.93 4.80
% Transm. 71.1% 66.8% 87.4% - - - -
Conc. (Cv) ppm 17.8 29.4 18.6 - - - -
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Trial 4.3.10 Ultrasound Power: 5 W, Air Flow: 10 Ipm

Experiment Date 29/05/2014

Droplet size distributions - Effect of Ultrasound Time 12:26:49- 12:31:23
12
U/S Power: 5 W Conduit Properties Unit Value U/S Field Unit Value
Air flow: 10lpm /\ /N Diameter mm 100 Frequency kHz 21.7
10 / Length mm 300 Power W 5
8 ™\ Experimental Results Model Results at OUTLET
. at OUTLET
® Parameter Unit INLET /s off | U/son
o u/s off U/sOn
E s @=0.04 [0=0.001] 0=0.04 [ =0.001
§ // / \ Air Properties
Flow rate Ipm 10 —- - 9.67 9.67 9.67 9.67
4 Temp. °C 21.35 17.3 18 9.2 9.2 9.1 9.1
Rel. Hum. 0.101 0.933 0.934 1.002 1.000 1.002 1.000
L \ Sp. Humidity g/kg 1.59 11.57 12.12 7.23 7.23 7.23 7.23
2 \/ :// Water Droplet Properties
_-Aﬁ// k Flow rate [ mymin [ 03 [ — [ = T 0233 | 0233 [ 023 [ 0233
0 Temp. [ c | 2415 | = | — | 92 [ 91 | 91 | a1
0.1 1 10 100 Length to end of calculation 0 2 11 1 10
droplet diameter (um)
Experimental Results Model Results at OUTLET
===|nlet ===Outlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.) . at OUTLET
Parameter Unit INLET U/ Off U/son
U/SOff | U/SOn o564 [ = 0.001 | @=0:04 |« =0.001
. Dv(10) (um) 0.93 1.77 3.42 1.61 1.44 1.58 1.41
Droplet size distributions - Expt. and Model Dv(50) (um) 3.90 276 237 253 203 252 201
12 Dv(90) (um) 8.51 8.67 15.70 9.06 9.00 9.05 8.99
U/S Power: 5 W Span 1.94 1.45 1.47 1.64 1.71 1.65 1.72
104 Air flow: 10 lpm /M D[3][2] (um) 2.17 3.08 5.30 3.01 2.66 2.94 2.62
D[4][3] (um) 453 5.15 9.36 5.06 4.90 5.03 4.87
\ % Transm. 71.1% 73.8% 85.4% == == == =

Volume %
EN

iy
J J\
2 LN
L NN

0 - t
0.1 1 10 100

droplet diameter (um)

=—I|nlet === Qutlet, U/S On (Expt.)
=== Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model 0=0.001)




)44

Trial 4.3.11 Ultrasound Power: 5 W, Air Flow: 12 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

9/06/2014
12:19:24 - 12:26:07

14
U/S Power: 5 W
Air flow: 12 lpm
) /L\ \
R g
Q
: ﬁ \\
3
B /// \\ \
) \
o _N
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 5 W
19 4 Air flow: 12 lpm
10
X g
GJ
£
2
86 \
4 \
’ N
Jv
o S
0.1 1 10 100

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 5

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 12.05 == = 11.60 11.60 11.70 11.70
Temp. °C 215 16.9 17.4 9.3 9.3 9.2 9.2
Rel. Hum. 0.109 0.916 0.921 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.73 11.07 11.49 7.30 7.30 7.27 7.27
Water Droplet Properties
Flow rate [ mymin [ 0323 | = [ - [ 0244 | 0244 | 0243 | 0.243
Temp. c | 232 |~ | — | 93 | 92 [ 92 | 92
Length to end of calculation 0 2 17 1 16

Experieral eSS Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.02 1.84 2.90 1.86 1.66 1.83 1.63
Dv(50) (um) 4.19 4.83 6.24 4.91 4.79 4.89 4.77
Dv(90) (um) 8.91 8.82 11.16 9.64 9.54 9.63 9.53
Span 1.88 1.45 1.33 1.59 1.65 1.59 1.66
D[3][2] (um) 2.34 3.17 4.46 3.39 3.00 333 2.95
D[4][3] (um) 4.78 5.22 6.77 5.37 5.19 5.35 5.16
% Transm. 76.9% 83.4% 87.1% - - - -
Conc. (Cv) ppm 14.9 14.3 15.5 - - - -
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Trial 4.3.12 Ultrasound Power: 5 W, Air Flow: 15 Ipm

Droplet size distributions - Effect of Ultrasound

14

12 +

10

U/S Power: 5 W
Air flow: 15 lpm

A\
S\

Experiment Date
Time

29/05/2014

13:19:35- 13:24:30

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

R g
Q
: A\
3
B /// \\
. \\
2 _/A\/ ﬂ \\\
o LNA
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 5 W
19 4 Air flow: 15 lpm
10
X g
Q
£
2
S s
a4
/
N I
\ ¥
0 4 —
01 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 5

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 15 == = 14.49 14.49 14.49 14.49
Temp. °C 21.1 16.1 16.7 8.6 8.6 8.6 8.6
Rel. Hum. 0.0926 0.918 0.922 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.43 10.53 11.00 6.97 6.97 6.98 6.98
Water Droplet Properties
Flow rate [ mimin [ 03 — [ = T o201 [ o201 [ 0201 [ 0201
Temp. [ ~c 235 — | | 86 | 86 | 86 | 86
Length to end of calculation 2 33 2 30

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.70 2.58 1.99 1.76 1.94 1.72
Dv(50) (um) 3.90 4.69 5.55 4.54 4.10 4.51 4.09
Dv(90) (um) 8.51 8.74 10.07 9.49 9.35 9.48 9.33
Span 1.94 1.50 1.35 1.65 1.85 1.67 1.86
D[3][2] (um) 2.17 3.01 3.98 3.45 3.07 3.40 3.00
D[4](3] (um) 4.53 5.11 6.07 5.30 5.08 5.27 5.05
% Transm. 71.1% 83.7% 86.4% - - - -
Conc. (Cv) ppm 17.8 13.2 14.6 - - - -
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Trial 4.3.13 Ultrasound Power: 5 W, Air Flow: 18 Ipm

14

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 5 W
Air flow: 18 Ipm

A

A

Experiment Date
Time

29/05/2014
13:33:25- 13:38:32

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

R g
Q
: 4 \\
3
B /// \\
4 \
2 ../A\/ ﬂ \k
o _Aj:
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 5 W
19 4 Air flow: 18 Ilpm
10
X g
Q
£
2
S 6
a4
2 ,/ LT
0
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 5

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 18 == = 17.37 17.37 17.38 17.38
Temp. °C 21.25 15 15.3 8.5 8.5 8.5 8.5
Rel. Hum. 0.0856 0.917 0.919 1.000 1.000 1.000 1.000
Sp. Humidity g/kg 1.34 9.79 10.01 6.93 6.92 6.92 6.92
Water Droplet Properties
Flow rate [ mimin [ 03 — | —— T o1 [ o1s [ 0181t [ o1s1
Temp. c | 243 — | - | 85 | 85 | 85 | 85
Length to end of calculation 3 60 2 53

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.77 241 1.96 1.74 1.92 1.69
Dv(50) (um) 3.90 4.80 5.22 4.43 4.28 4.41 4.25
Dv(90) (um) 8.51 9.05 9.42 9.80 9.63 9.77 9.59
Span 1.94 1.52 1.34 1.77 1.85 1.78 1.86
D[3][2] (um) 2.17 3.10 3.77 3.64 3.30 3.59 3.23
D[4](3] (um) 4.53 5.30 5.70 5.45 5.19 5.41 5.14
% Transm. 71.1% 87.8% 88.5% - - - -
Conc. (Cv) ppm 17.8 10.0 11.5 - - - -
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Trial 4.3.14 Ultrasound Power: 5 W, Air Flow: 20 Ipm

Experiment Date 29/05/2014

Droplet size distributions - Effect of Ultrasound
14
U/S Power: 5 W
Air flow: 20 Ipm
12 + A
10 / \\
X 3 N\
Q
- A\
3
B /// \
4
2 _/A\/ j// k
0 _N
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 5 W
19 4 Air flow: 20 Ilpm
10
X g
GJ
13
32
S 6
a4
5 | L L
o4 .
0.1 1 10 100
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Time 13:44:42 - 13:49:08
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 5

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 20.1 —- —- 19.40 19.40 19.40 19.40
Temp. °C 21.2 14.4 14.6 8.5 8.5 8.6 8.6
Rel. Hum. 0.0915 0.914 0.918 1.000 1.000 1.000 1.000
Sp. Humidity g/kg 1.42 9.38 9.55 6.94 6.94 6.94 6.94
Water Droplet Properties
Flow rate [ mimin [ 03 — | —— T o8 [ o163 [ 0168 | 0.168
Temp. [ ~c 24.35 — | - | 85 | 85 | 85 | 85
Length to end of calculation 4 83 3 74

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 2.01 2.44 2.07 1.84 2.04 1.81
Dv(50) (um) 3.90 4.88 5.18 4.55 4.38 4.53 4.35
Dv(90) (um) 8.51 9.11 9.58 9.97 9.79 9.96 9.76
Span 1.94 1.45 1.38 1.74 1.82 1.75 1.83
D[3][2] (um) 2.17 3.36 3.80 3.76 3.39 3.71 3.33
D[4](3] (um) 4.53 5.45 5.78 5.54 5.24 5.51 5.20
% Transm. 71.1% 89.0% 89.8% - - - -
Conc. (Cv) ppm 17.8 9.8 10.2 - - - -
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Trial 4.3.15 Ultrasound Power: 7 W, Air Flow: 6.5 Ipm

18

16 | Airflow: 6.5 lpm

14

12

Droplet size distributions - Effect of Ultrasound

U/S Power: 7W

[\

Experiment Date
Time

27/06/2014
09:17:51- 09:23:33

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

f 10 \
: LAl
2 s
g /NI
6 /N
4 /)N
2 v
0 _A\_/‘é/ M\
0.1 1 10 100 1000
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
18
U/S Power: 7W
16 | Airflow: 6.5 lpm
14 I\\
12
. |
o 10
: |
% 3 A
g /N |\
6 [ A\
4
4 / \
z s \
o /\ }T _/ \,,,
0.1 1 10 100 1000

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 7

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 6.545 —- —- 6.34 6.34 6.35 6.35
Temp. °C 21 18.2 19.9 9.3 9.3 9.3 9.3
Rel. Hum. 0.09065 0.932 0.935 1.003 1.003 1.003 1.002
Sp. Humidity g/kg 139 12.25 13.69 7.29 7.29 7.28 7.29
Water Droplet Properties
Flow rate [ mi/min | 0339 — [ = T 0293 [ 0293 | 0293 [ 0293
Temp. ‘c | 2405 — | | 93 | 93 | 93 [ 93
Length to end of calculation 2 8 1 5

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.93 2.25 6.82 1.38 1.18 1.32 1.16
Dv(50) (um) 4.14 5.07 12.28 4.56 4.49 4.55 4.48
Dv(90) (um) 9.31 8.97 19.93 9.74 9.70 9.74 9.69
Span 2.02 1.32 1.07 1.83 1.90 1.85 1.90
D[3][2] (um) 2.22 3.57 8.85 2.75 2.49 2.69 2.46
D[4][3] (um) 4.90 5.60 13.33 5.28 5.16 5.26 5.14
% Transm. 69.6% 64.5% 91.4% - - - -
Conc. (Cv) ppm 19.4 39.1 20.6 - - - -
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Trial 4.3.16 Ultrasound Power: 7 W, Air Flow: 8 lpm

14

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 7W
Air flow: 8 lpm

VA

LAl

Experiment Date 27/06/2014

R g
Q
: A\
3
B / / \ \
' \
1 T1Z f/iJ/// \\QL
o AZ=Nu/A
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 7W
19 4 Air flow: 8 lpm
. N
R 4 [)/ \
Q
s /7\\ \
2
g [ )\

P

0.1

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

Time 09:32:43 - 09:38:13
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 7

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 8.05 —- —- 7.80 7.80 7.80 7.80
Temp. °C 20.5 17.2 18.9 8.7 8.7 8.8 8.8
Rel. Hum. 0.09005 0.928 0.934 1.003 1.002 1.003 1.001
Sp. Humidity g/kg 1.34 11.43 12.84 7.00 7.00 7.07 7.07
Water Droplet Properties
Flow rate [ mi/min | 0339 — | —— T o028 [ o284 [ 0284 | 0284
Temp. [ ~c 23.55 — | — | 87 | 87 | 88 | ss
Length to end of calculation 2 9 2 6

Experieral eSS Model Results at OUTLET

B at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 2.02 3.93 1.45 1.27 1.42 1.25
Dv(50) (um) 4.14 4.82 8.88 4.65 4.56 4.64 4.55
Dv(90) (um) 9.31 8.48 15.83 9.84 9.78 9.83 9.77
Span 2.02 1.34 1.34 1.80 1.87 1.81 1.87
D[3][2] (um) 2.22 3.32 5.86 2.88 2.56 2.81 2.53
D[4][3] (um) 4.90 5.17 9.75 5.36 5.22 5.34 5.19
% Transm. 69.6% 68.1% 84.4% - - - -
Conc. (Cv) ppm 19.4 31.7 25.5 - - - -
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Trial 4.3.17 Ultrasound Power: 7 W, Air Flow: 10 Ipm

Volume %

Droplet size distributions - Effect of Ultrasound

12

10

U/S Power: 7W
Air flow: 10 Ipm

AL\

WAVl

0.1

1

droplet diameter (um)

=Inlet

=== Qutlet, U/S Off (Expt.)

=== Qutlet, U/S On (Expt.)

100

Volume %

Droplet size distributions - Expt. and Model

U/S Power: 7W
Air flow: 10 lpm

droplet diameter (um)

=Inlet

====Qutlet, U/S On (Model a=0.04)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

Experiment Date 27/06/2014
Time 09:45:25 - 09:50:44
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 7

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 9.99 —- —- 9.67 9.67 9.67 9.67
Temp. °C 20.5 16.6 75 8.4 8.4 8.6 8.6
Rel. Hum. 0.08685 0.926 0.931 1.002 1.001 1.003 1.000
Sp. Humidity g/kg 1.29 10.98 11.70 6.88 6.88 6.95 6.95
Water Droplet Properties
Flow rate [ mi/min | 0339 — | = T o222 ] 0272 [ 0272 | 0272
Temp. [ c | 233 — | | 84 | 84 | 86 | 86
Length to end of calculation 3 11 2 9

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.93 171 2.88 1.58 1.40 1.56 137
Dv(50) (um) 4.14 4.63 7.11 4.78 4.67 4.77 4.65
Dv(90) (um) 9.31 8.40 13.76 9.96 9.90 9.96 9.89
Span 2.02 1.44 1.53 1.75 1.82 1.76 1.83
D[3][2] (um) 2.22 3.00 457 3.08 2.68 3.00 2.65
D[4](3] (um) 4.90 4.98 8.15 5.46 5.30 5.44 5.27
% Transm. 69.6% 75.9% 83.1% - - - -
Conc. (Cv) ppm 19.4 20.4 21.5 - - - -
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Trial 4.3.18 Ultrasound Power: 7 W, Air Flow: 12 Ipm

Experiment Date 27/06/2014

Droplet size distributions - Effect of Ultrasound Time 09:58:25 - 10:03:43
12
U/S Power: 7 W Conduit Properties Unit Value U/S Field Unit Value
Airflow: 12 lpm /\ Diameter mm 100 Frequency kHz 21.7
10 /’\A \ Length mm 300 Power W 7
8 Expericral RS Model Results at OUTLET
N at OUTLET
® Parameter Unit INLET U/S0R | 0/son
o u/s off uU/son
E s @=0.04 [«=0.001] a=0.04 [« =0.001
§ // Air Properties
Flow rate lpm 11.95 == = 11.60 11.60 11.50 11.50
4 \ Temp. °C 20.85 16 17 8.6 8.6 8.6 8.6
Rel. Hum. 0.08715 0.922 0.927 1.002 1.000 1.002 1.000
, L ﬂ / \ Sp. Humidity o/ke 133 10.51 11.28 6.94 6.94 6.98 6.98
\/ y Water Droplet Properties
/N Flow rate [ mymin | 0339 | — [ - [ 0259 | 0259 [ 0259 [ o0.259
o Temp. [ c | 238 | - | —~ | 86 | 85 | 86 | 86
0.1 1 10 100 Length to end of calculation 3 15 2 14
droplet diameter (um)
EperlnenE s Model Results at OUTLET
==Inlet ===Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) . at OUTLET
Parameter Unit INLET /s off U/son
U/soft | u/son 1oy os Ta=-0001[[@=0104 [« =0001
. Dv(10) (um) 0.93 1.44 2.14 1.73 1.53 1.69 1.50
Droplet size distributions - Expt. and Model v(50) (um) 414 458 6,21 291 479 2.90 477
12 Dv(90) (um) 931 8.73 11.71 1010 | 1002 | 1009 | 10.00
U/S Power: 7 W Span 2.02 1.59 1.54 1.70 1.77 1.72 1.78
10 1 Airflow: 12 lpm N D[3][2] (um) 2.22 2.76 3.70 3.30 2.84 321 2.78
D[4][3] (um) 4.90 5.00 6.81 5.57 5.38 5.55 5.35
% Transm. 69.6% 80.7% 85.3% - - --- -
8 Conc. (Cv) ppm 19.4 14.5 14.7 - - - -

Volume %
e

LT N

0.1 1 10 100
droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.19 Ultrasound Power: 7 W, Air Flow: 15 Ipm

Droplet size distributions - Effect of Ultrasound

12

Experiment Date
Time

27/06/2014
10:23:19- 10:28:36

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 7

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 15.1 == = 14.59 14.59 14.58 14.58
Temp. °C 21.05 15.6 16.2 8.5 8.5 8.5 8.5
Rel. Hum. 0.08485 0.918 0.924 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 131 10.19 10.67 6.91 6.91 6.94 6.94
Water Droplet Properties
Flow rate [ mi/min | 0339 — | —— T 0238 [ 0233 [ 0238 [ 0238
Temp. c | 2375 — | - | 85 | 85 | 85 | 85
Length to end of calculation 4 29 3 26

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

U/S Power: 7W
Air flow: 15 lpm
) /]i\
8
: m
)
E 6
3
S
' \
2 N \
/ W
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 7W
Air flow: 15 lpm
10 -
8
X
GJ
E s
2
2
4
2 ~
A
0
0.1

Experieral eSS Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.35 1.94 1.98 173 1.95 1.70
Dv(50) (um) 4.14 4.54 5.77 5.12 4.75 5.11 471
Dv(90) (um) 9.31 8.79 11.05 10.31 10.22 10.31 10.20
Span 2.02 1.64 1.58 1.63 1.79 1.64 1.81
D[3][2] (um) 2.22 2.68 3.45 3.58 3.11 3.52 3.04
D[4](3] (um) 4.90 4.98 6.34 5.74 5.51 5.71 5.48
% Transm. 69.6% 84.7% 87.3% - - - -
Conc. (Cv) ppm 19.4 10.9 117 - - - -
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Trial 4.3.20 Ultrasound Power: 7 W, Air Flow: 18 Ipm

10

Droplet size distributions - Effect of Ultrasound

9 -

U/S Power: 7W

Air flow: 18 Ipm

Experiment Date 27/06/2014
Time 10:38:15 - 10:43:38
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 7

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 18 == = 17.37 17.37 17.38 17.38
Temp. °C 21.3 14.7 15.2 8.5 8.5 8.6 8.6
Rel. Hum. 0.08205 0.917 0.921 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.28 9.60 9.97 6.94 6.94 6.96 6.97
Water Droplet Properties
Flow rate [ mi/min | 0339 — | = T o217 | 02138 | 0218 | 0218
Temp. [ c | 256 — | | 85 | 85 | 86 | 86
Length to end of calculation 5 50 3 43

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

: 1/
Q
£ s
s /AR
s,
3 N/ \\
A \
1
S Y N
0
0.1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 7W
Air flow: 18 Ilpm
10 +
8
X
Q
E 6
2
s
4
2
0 - 1/
0.1 10 100

Experieral eSS Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 0.80 0.87 2.15 191 2.07 1.82
Dv(50) (um) 4.14 3.96 4.68 4.76 4.49 471 4.46
Dv(90) (um) 9.31 8.62 9.64 10.57 10.41 10.55 10.38
Span 2.02 1.97 1.87 1.77 1.89 1.80 1.92
D[3][2] (um) 2.22 2.05 2.22 3.78 3.37 3.72 3.28
D[4][3] (um) 4.90 4.51 5.12 5.90 5.63 5.86 5.58
% Transm. 69.6% 86.8% 89.7% - - - -
Conc. (Cv) ppm 19.4 7.0 5.9 - - - -
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Trial 4.3.21 Ultrasound Power: 7 W, Air Flow: 20 Ipm

Droplet size distributions - Effect of Ultrasound

8

U/S Power: 7W
Air flow: 20 Ipm

7\

/)

Experiment Date
Time

27/06/2014
10:47:27 - 10:51:00

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 7

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 20.1 —- —- 19.40 19.40 19.40 19.40
Temp. °C 21.35 14.3 14.5 8.6 8.6 8.7 8.7
Rel. Hum. 0.08575 0.917 0.919 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.35 9.35 9.50 6.97 6.97 7.00 7.00

Water Droplet Properties

Flow rate [ mi/min | 0339 — | = T o202 ] 0205 | 0204 | 0.204
Temp. c | 267 — | | 86 | 86 | 87 | 86
Length to end of calculation 6 69 4 62

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

R, //
Q
£ [
S

3

AV \

1 J A\~ \

0

0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 7W
Air flow: 20 Ilpm

10 +

8
X
Q
E 6
2
s

4 /

N - /(

0.1 1 10 100

ErpeilmaliE] R Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 0.93 0.73 211 1.81 2.06 177
Dv(50) (um) 4.14 4.39 4.42 4.78 4.60 4.77 4.57
Dv(90) (um) 9.31 9.71 9.71 10.78 10.58 10.77 10.55
Span 2.02 2.00 2.03 1.81 1.91 1.83 1.92
D[3][2] (um) 2.22 2.27 2.07 3.90 3.49 3.84 3.43
D[4][3] (um) 4.90 5.10 5.02 6.00 5.70 5.96 5.65
% Transm. 69.6% 90.1% 91.4% - - - -
Conc. (Cv) ppm 19.4 5.7 4.5 - - - -
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Trial 4.3.22 Ultrasound Power: 10 W, Air Flow: 6.5 lpm

Experiment Date 30/05/2014

Droplet size distributions - Effect of Ultrasound Time 10:39:13 - 10:44:17
16
U/S Power: 10 W Conduit Properties Unit Value U/S Field Unit Value
14 | Airflow: 6.5lpm ,\ Diameter mm 100 Frequency kHz 21.7
\ Length mm 300 Power W 10
12
Experi | Result:
/\ \ perl:;r&t:ﬁ: sults Model Results at OUTLET
10 Parameter Unit INLET = |
u/soff | u/son S0 0/ Son
N\ @=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties

Flow rate lpm 6.52 —- —- 6.31 6.31 6.32 6.32

Volume %
EN o
"]

/\\ \ Temp. °C 21.75 18.9 20.5 9.4 9.4 9.5 &3
Rel. Hum. 0.0867 0.934 0.937 1.003 1.002 1.003 1.000

4 / /
/‘ﬂ / \\ \ Sp. Humidity g/kg 1.40 12.84 14.25 7.38 7.38 7.41 7.41
2 Water Droplet Properties

Z/ &\ Flow rate [ mymin [ 03318 | — [ - [ 028 | 0285 [ 0288 [ 0.284
Temp. [ c | 220 | = | = | 94 [ 94 | 95 | 95

0
0.1 1 10 100 Length to end of calculation 1 5 1 4
droplet diameter (um)
EperlnenE s Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/son
U/soft | u/son 1oy os Ta=-0001[[@=0104 [« =0001
let size distributi 4 Model Dv(10) (um) 0.96 1.98 5.91 1.37 1.23 1.35 1.21
Droplet size distributions - Expt. and Mode bv(50) (um) 3.99 2.9 1.2 237 230 236 2.29
16 Dv(90) (um) 8.68 8.96 18.79 9.00 8.96 9.00 8.96
U/S Power: 10 W I\ Span 1.93 1.41 1.15 1.75 1.80 1.75 1.80
14 1 Arflow: 6.5 lpm D[3][2] (um) 2.24 3.32 8.22 2.71 2.50 2.66 2.48
\ D[4]([3] (pum) 4.65 5.47 12.17 4.97 4.87 4.96 4.85
12 % Transm. 72.1% 66.2% 92.2%
Conc. (Cv) ppm 17.7 34.1 17.3 - - - -
10
: /I
GJ
€ s /\
2
3 J N\
6 J AL
4
il N
2 AV, NN

0.1 1 10 100
droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.23 Ultrasound Power: 10 W, Air Flow: 8 Ipm

Experiment Date 30/05/2014

Droplet size distributions - Effect of Ultrasound Time 10:56:30 - 11:01:36

16

U/S Power: 10 W Conduit Properties Unit Value U/S Field Unit Value
14 | Airflow: 8lpm A Diameter mm 100 Frequency kHz 21.7

\ Length mm 300 Power W 10
12 \
Experimental Results
Model Results at OUTLET
at OUTLET Y

10 Parameter Unit INLET |
PR /s off U/50n u/s off U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties

Volume %
o
/

6 Flow rate Ipm 8 - --- 7.74 7.74 7.74 7.74
// /\ \ Temp. °C 21.55 18.4 20.3 92 92 9.4 9.4
4 Rel. Hum. 0.0918 0.93 0.938 1003 | 1001 [ 1003 | 1.000

/-// / \\ \ Sp. Humidity g/ke 1.46 12.38 14.09 7.28 7.27 7.36 7.36
2 Water Droplet Properties

W‘/ \¥\ Flow rate [ mymin | 03318 | = [ = [ 0275 | 0276 [ 0275 | 0275

[ c | 237 | [ | 92 | 92 | 94 [ o4

0 Temp.

0.1 1 10 100 Length to end of calculation 1 6 1 5
droplet diameter (um)

ErpeilmaliE] R Model Results at OUTLET
===|nlet ====OQutlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.) Parameter Unit En at OUTLET - -
u/s off u/son
U/SOff | U/SOn 1o s s T = 0.001 [ @=0.04 [ = 0.001

. Dv(10) (um) 0.96 1.55 5.47 1.47 1.32 1.45 1.30
Droplet size distributions - Expt. and Model v(50) (um) 3.99 4.59 1123 245 437 204 436
16 Dv(90) (um) 8.68 8.37 19.13 9.07 9.02 9.07 9.02
U/S Power: 10 W Span 1.93 1.49 1.22 1.71 1.76 1.71 1.77
14 1 Airflow: 8lpm A D[3][2] (um) 2.24 2.84 6.88 2.83 2.57 2.78 2.54
\ D[4][3] (um) 4.65 4.94 12.17 5.04 4.91 5.02 4.89
12 % Transm. 72.1% 68.0% 92.6%
\ Conc. (Cv) ppm 17.7 27.0 13.7 - - - -

Volume %
o S
\
-~

‘T N : . ¥

0.1 1 10 100
droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.24 Ultrasound Power: 10 W, Air Flow: 10 Ipm

16

14+

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 10 W
Air flow: 10 Ipm

/A

JA

Experiment Date 30/05/2014

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

: LA
Q
£ 3 A\
3
: /N
6 /N
4 N\
2 = NN
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 10 W
14 -+ Airflow: 10 lpm r\
. \\
10
; \
Q
E s
2
: \
6 \
4 \
2 LD O\
o > \
0.1 1 10 100

Time 11:16:45 - 11:18:53
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 10

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 10 —- —- 9.67 9.67 9.67 9.67
Temp. °C 21.85 18 19.9 9.4 9.4 9.6 9.6
Rel. Hum. 0.09925 0.931 0.934 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.61 12.08 13.68 7.35 7.35 7.44 7.44
Water Droplet Properties
Flow rate [ mi/min | 0331 — [ = T o263 [ 0263 [ 0262 [ 0262
Temp. [ ~c 24.55 — | | 94 | 94 | 96 | 96
Length to end of calculation 2 10 1 9

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.96 1.83 7.46 1.61 1.44 59 1.42
Dv(50) (um) 3.99 4.81 12.79 4.56 4.47 4.55 4.45
Dv(90) (um) 8.68 8.76 21.02 9.21 9.12 9.21 9.11
Span 1.93 1.44 1.06 1.67 1.72 1.67 1.73
D[3][2] (um) 224 3.15 10.56 3.02 2.69 2.96 2.66
D[4](3] (um) 4.65 5.22 14.14 5.13 4.98 5.11 4.96
% Transm. 72.1% 75.7% 94.7% - - - -
Conc. (Cv) ppm 17.7 21.7 15.2 - - - -
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Trial 4.3.25 Ultrasound Power: 10 W, Air Flow: 12 lpm

Droplet size distributions - Effect of Ultrasound

Experiment Date 30/05/2014

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

16
U/S Power: 10 W
14+ Air flow: 12 Ipm I\\
12 \
10 N\
: JAVR
)
£ 3 N\
3
: N
6 / )\¥ \
4 N\
' = [/ K&
o
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 10 W
14 -+ Airflow: 12lpm
12
10
X
GJ
E s
2
2
6
4
2
0
0.1 1 10 100

Time 11:35:05 - 11:40:15
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 10

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 12 == = 11.59 11.59 11.59 11.59
Temp. °C 21.75 17.4 19.3 9.1 9.1 9.3 9.3
Rel. Hum. 0.09745 0.926 0.929 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.57 11.56 13.09 7.22 7.22 7.30 7.30
Water Droplet Properties
Flow rate [ mi/min | 0331 — | = T o250 [ o250 [ 0.249 | 0.250
Temp. [ c | 232 — | | 91 | 91 | 93 [ 93
Length to end of calculation 2 16 1 14

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.96 1.75 6.65 1.74 1.56 1.72 1.54
Dv(50) (um) 3.99 4.77 12.25 4.68 4.56 4.67 4.55
Dv(90) (um) 8.68 8.80 20.75 9.37 9.27 9.37 9.25
Span 1.93 1.48 1.15 1.63 1.69 1.64 1.70
D[3][2] (um) 2.24 3.07 8.21 3.21 2.83 3.14 2.79
D[4](3] (um) 4.65 5.17 13.52 5.23 5.05 5.21 5.03
% Transm. 72.1% 79.2% 93.8% - - - -
Conc. (Cv) ppm 17.7 17.7 13.7 - - - -




09¢

Trial 4.3.26 Ultrasound Power: 10 W, Air Flow: 15 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date 30/05/2014

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

12
U/S Power: 10 W
Air flow: 15 lpm /\
» JAVAIN
8 //\A
ES
Q
E 6
3
Z \
o _A;
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 10 W
Air flow: 15 lpm /\\
10 + 20\
8
X
GJ
E s
2
2
4
2
0
0.1 1 10 100

Time 11:51:59 - 11:57:39
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 10

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 15.1 == = 14.58 14.58 14.59 14.59
Temp. °C 21.75 16.5 17.8 9.1 9.1 9.3 9.3
Rel. Hum. 0.0983 0.919 0.926 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.58 10.82 11.86 7.19 7.19 7.28 7.28
Water Droplet Properties
Flow rate [ mi/min | 0331 — [ = T 0229 ] 023 [ 0230 [ 0230
Temp. [ ~c 25 — | = | 91 | 90 | 92 [ 92
Length to end of calculation 2 30 2 26

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.96 179 3.60 1.96 1.75 1.89 1.71
Dv(50) (um) 3.99 4.78 7.91 4.87 4.30 4.85 4.24
Dv(90) (um) 8.68 8.89 14.59 9.63 9.50 9.61 9.47
Span 1.93 1.49 1.39 1.57 1.80 1.59 1.83
D[3][2] (um) 224 3.11 5.54 3.46 3.07 3.39 3.00
D[4][3] (um) 4.65 5.22 8.70 5.37 5.16 5.33 5.12
% Transm. 72.1% 85.6% 91.1% - - - -
Conc. (Cv) ppm 17.7 12.0 13.1 - - - -
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Trial 4.3.27 Ultrasound Power: 10 W, Air Flow: 18 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

30/05/2014
12:04:51 - 12:09:34

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

12
U/S Power: 10 W
Air flow: 18 Ipm
8
Q
E 6
3
| /il
. \
4l
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 10 W
Air flow: 18 Ilpm
8 | |\
BQ \
GJ
E s
2
2
4 \
2 -/W \
ol L= i
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 10

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 18.15 == = 17.47 17.47 17.57 17.57
Temp. °C 21.95 15.6 16.5 9.1 9.1 9.3 9.3
Rel. Hum. 0.09925 0.915 0.92 1.001 1.000 1.000 1.000
Sp. Humidity g/kg 1.62 10.16 10.83 7.22 7.22 7.28 7.28
Water Droplet Properties
Flow rate [ mi/min | 0331 — [ = T 0210 [ 0210 [ 0209 | 0.209
Temp. [ ~c 24.55 — | | 91 | 91 | 92 [ 92
Length to end of calculation 3 51 2 45

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.96 1.36 2.05 2.10 1.69 2.04 1.83
Dv(50) (um) 3.99 4.63 5.87 4.40 4.26 4.39 4.24
Dv(90) (um) 8.68 9.24 11.25 9.88 9.73 9.87 9.70
Span 1.93 1.70 1.57 1.77 1.89 1.78 1.86
D[3][2] (um) 224 2.72 3.57 3.63 3.28 3.58 3.21
D[4](3] (um) 4.65 5.19 6.46 5.50 5.25 5.47 5.21
% Transm. 72.1% 88.7% 91.2% - - - -
Conc. (Cv) ppm 17.7 8.0 8.2 - - - -




Trial 4.3.28 Ultrasound Power: 10 W, Air Flow: 20 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

30/05/2014
12:16:47 - 12:21:57

9¢

12
U/S Power: 10 W Conduit Properties Unit Value U/S Field Unit Value
Air flow: 20 lpm Diameter mm 100 Frequency kHz 21.7
10 [’\\\ Length mm 300 Power W 10
Experi | Result
8 perimental Results Model Results at OUTLET
N at OUTLET
® Parameter Unit INLET U/S0R | 050
@ u/soff | u/son L
E s @=0.04 [«=0.001] a=0.04 [« =0.001
§ Air Properties
Flow rate lpm 20.05 == = 19.40 19.40 19.29 19.29
4

Water Droplet Properties

Temp. °C 2 15.1 15.9 9.2 9.2 9.1 9.1

\ Rel. Hum. 009575 | 0.915 0.921 1.000 | 1000 | 2.000 | 1.000

, \ Sp. Humidity o/ke 157 9.83 10.43 7.25 7.25 7.19 7.19
2 N

Flow rate [ mymin [ 03318 | — [ - [ 0197 | 0197 [ 0% [ 0.19%
o Temp. [ ¢ | 2495 | = | — | 92 [ 92 | 90 | 90
0.1 1 10 100 Length to end of calculation 3 70 3 61
droplet diameter (um)
ErpeilmaliE] R Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/50
n
U/SOff | U/SOn 1o s s T = 0.001 [ @=0.04 [ = 0.001
brolet size distributi E 4 Model Dv(10) (um) 0.96 1.30 1.89 2.06 1.80 2.02 177
roplet size distributions - Expt. and Mode Dv(50) (um) 3.9 465 5.60 451 436 4.50 433
12 Dv(90) (um) 8.68 9.47 10.88 1004 | 988 1004 | 986
U/s Power: 10 W Span 1.93 176 161 1.77 1.86 1.78 1.87
10 1 Airflow: 20lpm L\\ D[3][2] (um) 2.24 2.67 3.38 3.74 3.39 3.69 3.33
D[4][3] (um) 4,65 5.25 6.21 5,59 531 5.56 5.26
% Transm. 72.1% 90.1% 91.6% - - - -
8 Conc. (Cv) ppm 17.7 6.8 7.4 - - - -
< /
Q
€ 6
3
S
4
N |
0 4+—
0.1 1 10 100

droplet diameter (um)

=Inlet

== Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.29 Ultrasound Power: 12 W, Air Flow: 6.5 lpm

Experiment Date 26/06/2014
Droplet size distributions - Effect of Ultrasound Time 10:02:28 - 10:08:08
14
U/S Power: 12 W Conduit Properties Unit Value U/S Field Unit Value
n L Airflow: 6.5 lpm /\ Diameter mm 100 Frequency kHz 21.7
/\ / \ Length mm 300 Power W 12
10 B
Ex | Result:
perl:;r&t:ﬁ: sults Model Results at OUTLET
R g ~\ Parameter Unit INLET OISR | 50
@ u/soff | u/son l /Son
E @=0.04 | 0=0.001] «=0.04 [ o =0.001
§ 6 Air Properties
Flow rate lpm 6.5 —- —- 6.30 6.30 6.30 6.30
Temp. °C 21.75 18.8 20.8 9.9 9.9 9.9 9.9
4 \ Rel. Hum. 0.09515 0.931 0.934 1.003 1.002 1.003 1.001
\ Sp. Humidity a/kg 153 12.71 14.48 7.59 7.59 7.63 7.63
2 Water Droplet Properties
v -
Flow rate [ mymin | 0366 | — [ - [ 0319 | 0319 [ 0319 [ 0319
o =LA Temp. [ | 25 | = | = | 99 | 99 | 99 | o9
0.1 1 10 100 Length to end of calculation 1 5 1 3
droplet diameter (um)
ErpeilmaliE] R Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/50
n
u/s off u/s o
/ /SOn |5 604 [=0.001] @=0.04 [a=0.001
brolet size distributi E 4 Model Dv(10) (um) 1.03 2.15 4.56 1.53 1.28 1.39 1.26
roplet size distributions - Expt. and Mode Dv(50) (um) 4.23 4.9 12.77 4.59 452 4.58 451
14 Dv(90) (um) 9.05 8.83 22.03 9.43 9.38 9.42 9.37
U/S Power: 12 W /\ Span 1.90 1.34 1.37 1.72 1.79 1.76 1.80
19 | Arflow: 6.5 lpm D[3][2] (um) 2.36 3.47 6.90 2.81 2.61 2.76 2.58
/ \ D[4](3] (um) 4.86 5.49 13.61 5.16 5.06 5.14 5.04
10 % Transm. 76.0% 63.4% 92.6% - - --- -
\ Conc. (Cv) ppm 15.7 39.3 13.8 - - - -
R 4 /A
GJ
2
8 / x \
4 /1A \
2 / \
0 \g
0.1 1 10 100
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.30 Ultrasound Power: 12 W, Air Flow: 8 lpm

16

14+

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 12 W
Air flow: 8 lpm

Experiment Date 26/06/2014

Time

10:20:08 - 10:23:37

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

: L\
Q
£ 3
3
: /N
6 [N
4 N\
LT A NN
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 12 W
14 -+ Airflow: 8lpm I\
. \\
< 10 \
5 2\
i /N
6 /N
4
<IN
, ya \
0 N
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 12

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 8.09 —- —- 7.84 7.84 7.83 7.83
Temp. °C 213 18.4 20.9 9.4 9.4 9.4 9.4
Rel. Hum. 0.09755 0.932 0.933 1.003 1.001 1.003 1.000
Sp. Humidity g/kg 1.53 12.40 14.55 7.36 7.35 7.34 7.34
Water Droplet Properties
Flow rate [ mi/min | 0366 — | = T o030 [ o310 [ 0310 [ 0310
Temp. [ ~c 23.85 — | | 94 | 94 | 94 | 93
Length to end of calculation 1 6 1 5

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 1.03 1.85 6.95 1.52 137 1.49 1.35
Dv(50) (um) 4.23 4.76 12.65 4.67 4.59 4.66 4.58
Dv(90) (um) 9.05 8.58 20.96 9.52 9.46 9.51 9.45
Span 1.90 1.41 1.11 1.71 1.76 1.72 1.77
D[3][2] (um) 2.36 3.15 7.18 2.93 2.68 2.88 2.65
D[4](3] (um) 4.86 5.15 13.81 5.22 5.10 5.21 5.09
% Transm. 76.0% 69.7% 94.6% - - - -
Conc. (Cv) ppm 15.7 28.1 10.3 - - - -
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Trial 4.3.31 Ultrasound Power: 12 W, Air Flow: 10 Ipm

Volume %

18

Droplet size distributions - Effect of Ultrasound

16 +

14

U/S Power: 12 W
Air flow: 10 Ipm

12

10

AP S

0.1

1

=Inlet

=== Qutlet, U/S Off (Expt.)

droplet diameter (um)

=== Qutlet, U/S On (Expt.)

100

Experiment Date 26/06/2014

Volume %

Droplet size distributions - Expt. and Model

U/S Power: 12 W

Air flow: 10 lpm

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

100

Time 10:34:05 - 10:39:19
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 12

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 9.99 —- —- 9.67 9.67 9.66 9.66
Temp. °C 21.45 17.8 20.6 9.2 9.2 9.3 9.3
Rel. Hum. 0.0937 0.926 0.932 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.48 11.86 14.27 7.25 7.25 7.33 7.33
Water Droplet Properties
Flow rate [ mi/min | 0366 — | = T 0297 | 0298 | 0296 [ 0.29%
Temp. [ ~c 24.85 — | | 92 | 92 | 93 [ 93
Length to end of calculation 2 9 1 8

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 1.03 1.86 6.25 1.64 1.48 1.62 1.46
Dv(50) (um) 4.23 4.74 11.32 4.77 4.68 4.77 4.67
Dv(90) (um) 9.05 8.56 18.03 9.64 9.57 9.64 9.56
Span 1.90 1.41 1.04 1.67 1.73 1.68 1.73
D[3][2] (um) 2.36 3.17 7.29 3.11 2.79 3.05 2.76
D[4](3] (um) 4.86 5.10 11.88 5.31 5.17 5.29 5.14
% Transm. 76.0% 76.7% 94.5% - - - -
Conc. (Cv) ppm 15.7 20.8 10.8 - - - -
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Trial 4.3.32 Ultrasound Power: 12 W, Air Flow: 12 lpm

16

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

26/06/2014
10:48:08 - 10:53:18

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 12

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 12 —- —- 11.60 11.60 11.60 11.60
Temp. °C 21.45 17.5 20.1 9.0 9.0 9.2 9.2
Rel. Hum. 0.09205 0.922 0.932 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.45 11.58 13.82 7.16 7.16 7.26 7.26

Water Droplet Properties

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

U/S Power: 12 W
14+ Air flow: 12 Ipm
12 / \\
10 N\
: LY
g . ~
3
: /N
6 JANAR
4
N\
) )N
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 12 W
14 -+ Airflow: 12lpm
. /\\
10
: AVIR
GJ
€ 3 4
2
: 7- N\
6 /]
4 diy \ \
p,
04 <R i
0.1 1 10 100

Flow rate [ mi/min | 0366 — |~ T o028 [ o284 [ 0283 [ 0283
Temp. c | 251 — | = | 90 | 90 | 92 [ 92
Length to end of calculation 2 15 1 13

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/soft | u/son 1oy os Ta=-0001[[@=0104 [« =0001
Dv(10) (pum) 1.03 1.60 3.62 1.78 1.60 1.76 1.57
Dv(50) (um) 4.23 4.67 9.66 4.88 4.78 4.88 4.76
Dv(90) (um) 9.05 8.77 15.74 9.76 9.68 9.76 9.67
Span 1.90 1.54 1.25 1.63 1.69 1.64 1.70
D[3][2] (um) 2.36 2.92 5.00 3.31 2.93 3.24 2.88
D[4][3] (um) 4.86 5.09 9.93 5.40 5.23 5.38 5.20
% Transm. 76.0% 81.2% 91.7% - - --- -
Conc. (Cv) ppm 15.7 15.0 11.1 - - - -
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Trial 4.3.33 Ultrasound Power: 12 W, Air Flow: 15 Ipm

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 12 W
Air flow: 15 lpm

Experiment Date
Time

26/06/2014

10:59:05 - 11:04:22

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

ES
Q
E 6
3

4 f/ / \

Z /‘/J \Q\

0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 12 W
Air flow: 15 lpm

10 / \K’\\

. \
BQ \ \
Q
E 6
2
g \

4

2 K \

L
o0 -
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 12

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 15 == = 14.49 14.49 14.49 14.49
Temp. °C 21.6 16.3 17.5 9.0 9.0 9.1 9.1
Rel. Hum. 0.094 0.917 0.925 1.002 1.000 1.001 1.000
Sp. Humidity g/kg 1.50 10.66 11.62 7.16 7.16 7.22 7.22
Water Droplet Properties
Flow rate [ mi/min | 0366 — |~ T o265 [ 0265 [ 0264 | 0.264
Temp. °C 25.05 — | | 90 | 90 | 91 [ 91
Length to end of calculation 2 26 2 23

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.03 1.15 211 2.00 177 1.97 1.73
Dv(50) (um) 4.23 4.37 7.10 5.05 4.92 5.04 4.61
Dv(90) (um) 9.05 8.69 13.67 9.95 9.85 9.94 9.83
Span 1.90 1.73 1.63 1.57 1.64 1.58 1.76
D[3][2] (um) 2.36 2.48 3.82 3.56 3.15 3.49 3.08
D[4](3] (um) 4.86 4.82 7.76 5.53 5.33 5.50 5.29
% Transm. 76.0% 86.3% 90.5% - - - -
Conc. (Cv) ppm 15.7 8.9 9.5 - - - -
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Trial 4.3.34 Ultrasound Power: 12 W, Air Flow: 18 Ipm

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 12 W
Air flow: 18 Ipm

N

A

"

Experiment Date
Time

26/06/2014
11:10:08 - 11:15:23

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 12

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 18.1 —- —- 17.47 17.47 17.47 17.47
Temp. °C 21.9 15.5 16.5 9.0 9.0 9.1 9.1
Rel. Hum. 0.08875 0.915 0.924 1.001 1.000 1.000 1.000
Sp. Humidity g/kg 1.44 10.09 10.88 7.16 7.16 7.19 7.19

Water Droplet Properties

Flow rate [ mi/min | 0366 — | = T 0243 ] 0243 ] 0243 | 0243
Temp. c | 2 — | | 90 | 90 | 90 [ 90
Length to end of calculation 3 46 2 40

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Q
E 6
3
; /

4

‘\
| Zat
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 12 W
10 1 Air flow: 18 Ilpm Paal

BQ \
Q
€ 6 /
2

4 | [ (1)

2

o -

0.1 1 10 100

ErpeilmaliE] R Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.03 119 178 2.17 1.98 2.09 1.88
Dv(50) (um) 4.23 4.58 6.19 5.24 4.43 4.55 4.40
Dv(90) (um) 9.05 9.38 11.77 10.16 10.04 10.14 10.01
Span 1.90 1.79 1.61 1.52 1.82 1.77 1.85
D[3][2] (um) 2.36 2.56 3.37 3.76 3.39 3.70 3.30
D[4](3] (um) 4.86 5.16 6.72 5.66 5.42 5.62 5.37
% Transm. 76.0% 88.8% 91.2% - - - -
Conc. (Cv) ppm 15.7 7.4 7.7 - - - -
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Trial 4.3.35 Ultrasound Power: 12 W, Air Flow: 20 Ipm

Volume %

Droplet size distributions - Effect of Ultrasound

10

9 -

U/S Power: 12 W
Air flow: 20 Ipm

N\

Experiment Date 26/06/2014

A\

A\

/] \\

[/ \
/

/
A

\\
\\

/)

\

N R

A\N

S ¥

N ]

0.1

=Inlet

=== Qutlet, U/S Off (Expt.)

droplet diameter (um)

10 100

=== Qutlet, U/S On (Expt.)

Volume %

Droplet size distributions - Expt. and Model

U/S Power: 12 W
Air flow: 20 Ilpm

AN

/ 0\
A\
I/ \

\

AV

N

0.1

1

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

10

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

Time 11:19:52 - 11:25:24
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 12

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 20.1 —- —- 19.40 19.40 19.40 19.40
Temp. °C 21.95 15 16.1 9.1 9.1 9.1 9.1
Rel. Hum. 0.0937 0.914 0.921 1.000 1.000 1.000 1.000
Sp. Humidity g/kg 1.53 9.76 10.57 7.20 7.20 7.22 7.22
Water Droplet Properties
Flow rate [ mi/min | 0366 — | = T o023 [ 0231 [ 0230 [ 0230
Temp. [ ~c 25.3 — | | 91 | 91 | 91 [ 91
Length to end of calculation 3 62 2 54

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 1.03 0.95 1.28 2.09 191 2.03 1.84
Dv(50) (um) 4.23 4.38 5.46 4.80 4.51 4.76 4.48
Dv(90) (um) 9.05 9.76 11.13 10.27 10.15 10.26 10.12
Span 1.90 2.01 1.81 1.71 1.83 1.73 1.85
D[3][2] (um) 2.36 2.30 2.79 3.85 3.49 3.80 3.42
D[4][3] (um) 4.86 5.11 6.06 5.73 5.47 5.70 5.42
% Transm. 76.0% 91.5% 93.2% - - - -
Conc. (Cv) ppm 15.7 5.0 4.8 - - - -

100
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Trial 4.3.36 Ultrasound Power: 15 W, Air Flow: 6.5 lpm

Experiment Date 10/06/2014

Droplet size distributions - Effect of Ultrasound Time 13:35:58 - 13:41:56
18
U/S Power: 15 W Conduit Properties Unit Value U/S Field Unit Value
16 | Airflow: 6.5 lpm Diameter mm 100 Frequency kHz 21.7
/\ Length mm 300 Power W 15
14

12 Experimental Results

Model Results at OUTLET

® /\ \ Parameter Unit INLET SLOUTLET
> 10 wse | wee u/s Off | U/SOn
E / \ I \ @=0.04 | 0=0.001] «=0.04 [ o =0.001
o 8 7N Air Properties
= / \V \ Flow rate lpm 6.585 —- —- 6.37 6.37 6.38 6.38
6 Temp. °C 21.15 18.7 20.9 9.1 9.1 9.2 9.2
// A \ Rel. Hum. 0.07965 0.933 0.939 1.003 1.002 1.003 1.002
4 \ Sp. Humidity g/kg 1.24 12.66 14.65 7.18 7.18 7.24 7.24
/// / \ \ Water Droplet Properties

2 _/VV‘_/ & Flow rate [ m/min | 0338 [ = [ — [ 029 ] 029 [ 0202 ] 022
el [ ¢ | 2385 | | [ ot | o1 | 92 |

Temp. 9.2

0.1 1 10 100 Length to end of calculation 2 8 1 5
droplet diameter (um)

ErpeilmaliE] R Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/son
U/soft | u/son 1oy os Ta=-0001[[@=0104 [« =0001
let size distributi 4 Model Dv(10) (um) 0.98 2.17 7.49 1.44 1.28 1.40 1.25
Droplet size distributions - Expt. and Mode bv(50) (um) 221 5.04 1256 261 258 260 252
18 Dv(90) (um) 9.12 8.93 20.08 9.57 9.52 9.57 9.51
U/S Power: 15 W Span 1.93 1.34 1.00 1.76 1.82 1.77 1.83
16 7 Airflow: 6.5 lpm l\ D[3](2] (um) 2.31 3.50 9.35 2.87 2.59 2.80 2.56
1 D[4][3] (um) 4.90 5.53 13.50 5.27 5.15 5.25 5.13
\ % Transm. 66.8% 64.9% 93.5% - - --- -
12 \ Conc. (Cv) ppm 22.5 37.7 16.4 - - - -
§ 10
: [\
5. A
S ) \
6 A\
¢ J
2 JIZARNY i) N
C \
o N Jj/ 4/ \g
0.1 1 10 100
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.37 Ultrasound Power: 15 W, Air Flow: 8 lpm

18

16

14

12

Droplet size distributions - Effect of Ultrasound

U/S Power: 15 W
Air flow: 8 lpm

N
\
\
\
\

Experiment Date
Time

10/06/2014

13:56:31 - 14:01:57

0.1

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

= Qutlet, U/S On
Outlet, U/S On

(Expt.)
(Model a=0.001)

/\
: L\
3 s o~
g J 4\
6 /N \
4 AN\
2
N NN
. ¥
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
18
U/S Power: 15 W
16 | Airflow: 8lpm
3 I\\
12
. \
o 10
5 /R \
S 8
g \
6 / \
4
iy 4 / \
, S \
O | [ ATINLNL

100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 15

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 8.095 —- —- 7.83 7.83 7.84 7.84
Temp. °C 20.65 18.2 20.9 8.6 8.6 8.8 8.8
Rel. Hum. 0.0801 0.934 0.939 1.003 1.002 1.003 1.000
Sp. Humidity g/kg 1.20 12.27 14.65 6.96 6.96 7.04 7.05
Water Droplet Properties
Flow rate [ mi/min | 0339 — | —— T o028 [ 0283 [ 0282 [ 0283
Temp. [ ~c 23.8 — | - | 86 | 86 | 88 | ss
Length to end of calculation 2 9 1 6

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.98 2.05 7.67 1.54 1.37 1.51 134
Dv(50) (um) 4.21 4.89 12.73 4.70 4.61 4.69 4.59
Dv(90) (um) 9.12 8.63 20.53 9.66 9.60 9.66 9.59
Span 1.93 1.35 1.01 1.73 1.79 1.74 1.80
D[3][2] (um) 231 3.36 9.72 3.00 2.67 2.92 2.64
D[4][3] (um) 4.90 5.25 13.82 5.34 5.20 5.32 5.18
% Transm. 66.8% 69.4% 93.9% - - - -
Conc. (Cv) ppm 22.5 30.5 16.1 - - - -
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Trial 4.3.38 Ultrasound Power: 15 W, Air Flow: 10 Ipm

Droplet size distributions - Effect of Ultrasound

18

14

U/S Power: 15 W
16 -+ Airflow: 10lpm

12

JA

Experiment Date
Time

10/06/2014
14:12:37 - 14:16:47

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 15

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 10 —- —- 9.67 9.67 9.67 9.67
Temp. °C 20.5 17.5 20.5 8.3 83 8.4 8.4
Rel. Hum. 0.0782 0.929 0.935 1.002 1.001 1.002 1.000
Sp. Humidity g/kg 1.17 11.67 14.22 6.83 6.83 6.88 6.88

Water Droplet Properties

droplet diameter (um)

=Inlet

====Qutlet, U/S On (Model a=0.04)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

f 10 \
: JSNVIIR
3
* 7N\
6 /N
4
7N
2 v
0 _N‘/ 4/ \\
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
18
U/S Power: 15 W
16 + Airflow: 10 lpm /\
14 \
12
§ 10 \
5 AN
S 8
S ) \
6 /q \
4
g / \ \
, S A
01 1 10 100

Flow rate [ mi/min | 0339 — | = T o27;a | o271 [ 0270 [ 0271
Temp. ‘c | 235 — | | 83 | 83 | 84 | sa
Length to end of calculation 3 11 2 9

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn 1o s s T = 0.001 [ @=0.04 [ = 0.001
Dv(10) (um) 0.98 1.89 7.02 1.67 1.48 164 1.46
Dv(50) (um) 421 4.81 11.91 4.81 471 4.80 4.69
Dv(90) (um) 9.12 8.65 19.63 9.79 9.72 9.79 9.70
Span 1.93 1.40 1.06 1.69 175 1.70 1.76
D[3][2] (um) 231 3.20 8.85 3.20 2.79 3.1 2.75
D[4][3] (um) 4.90 5.19 12.91 5.44 5.27 5.41 5.4
% Transm. 66.8% 74.7% 93.4% - - - -
Conc. (Cv) ppm 22.5 23.2 15.6 - - - -
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Trial 4.3.39 Ultrasound Power: 15 W, Air Flow: 12 lpm

Experiment Date
Time

10/06/2014
14:31:52 - 14:37:42

Droplet size distributions - Effect of Ultrasound
18
U/S Power: 15 W
16 -+ Airflow: 121pm
) /\\
12 / \
£, N\
- VIR
2 —~
g )4\
6 /N
4 7 )N\
2 A AN
0 =
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
18
U/S Power: 15 W
16 | Airflow: 12lpm
14
12
X
o 10
13
3 s
2
6
4
2
o4 =
0.1
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 15

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 12 —- —- 11.60 11.60 11.60 11.60
Temp. °C 20.75 16.9 19.6 8.4 8.4 8.5 8.5
Rel. Hum. 0.0814 0.926 0.936 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.23 11.19 13.45 6.87 6.87 6.91 6.91
Water Droplet Properties
Flow rate [ mi/min | 0339 — | = T 0258 [ 0258 [ 0257 | 0.257
Temp. ‘c | 2395 — | | 84 | 84 | 85 | 84
Length to end of calculation 3 16 2 14

Experieral eSS Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.98 1.83 5.55 1.81 1.61 1.78 1.58
Dv(50) (um) 4.21 4.82 10.40 4.93 4.81 4.92 4.79
Dv(90) (um) 9.12 8.79 17.06 9.92 9.84 9.92 9.82
Span 1.93 1.44 1.11 1.64 1.71 1.65 1.72
D[3][2] (um) 231 3.15 7.49 3.40 2.94 331 2.88
D[4](3] (um) 4.90 5.21 10.97 5.54 5.35 5.51 5.31
% Transm. 66.8% 77.8% 91.9% - - - -
Conc. (Cv) ppm 22.5 19.5 16.3 - - - -
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Trial 4.3.40 Ultrasound Power: 15 W, Air Flow: 15 lpm

Experiment Date 10/06/2014
Droplet size distributions - Effect of Ultrasound Time 14:46:53 - 14:52:13
14
U/S Power: 15 W Conduit Properties Unit Value U/S Field Unit Value
n L Airflow: 15 lpm Diameter mm 100 Frequency kHz 21.7
/ Length mm 300 Power W 15
10 a Experimental Results
2t OUTLET Model Results at OUTLET
R g N Parameter Unit INLET OISR | 50
@ u/soff | u/son l /Son
E @=0.04 | 0=0.001] «=0.04 [ o =0.001
§ 6 Air Properties
Flow rate lpm 14.9 == = 14.39 14.39 14.39 14.39
Temp. °C 20.65 16.1 17.6 8.1 8.1 8.2 8.2
4 \ Rel. Hum. 0.07585 0.923 0.933 1.001 1.000 1.002 1.000
\ Sp. Humidity a/kg 114 10.59 11.80 6.74 6.74 6.79 6.79
2 " Water Droplet Properties
ég§ é:é_/ \\\ Flow rate [ mymin | 0339 | — [ - [ 023 | 023 [ 0239 [ 0239
04 Temp. [ ec | 2a2 | = |~ | 81 [ 81 | 82 | s2
0.1 1 10 100 Length to end of calculation 4 29 3 25
droplet diameter (um)
EperlnenE s Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/50
n
u/s off u/s o
/ /SOn |5 604 [=0.001] @=0.04 [a=0.001
brolet size distributi E 4 Model Dv(10) (um) 0.98 1.62 3.82 2.04 1.79 2.00 1.75
roplet size distributions - Expt. and Mode Dv(50) (um) 421 475 8.53 511 4.74 5.10 469
14 Dv(90) (um) 9.12 8.93 14.95 1012 | 1002 | 1021 | 1000
U/S Power: 15 W Span 1.93 1.54 1.30 1.58 1.73 1.59 1.76
19 | Arflow:15lpm D[3][2] (um) 2.31 2.96 5.59 3.63 3.18 3.56 3.10
D[4](3] (um) 4.90 5.18 9.13 5.67 5.45 5.64 5.41
10 % Transm. 66.8% 84.3% 90.8% - - --- -
Conc. (Cv) ppm 22.5 12.5 13.8 - - - -
X g
GJ
£
2
S 6
a4
2 /
V.V
el
o0 -
0.1 1
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.41 Ultrasound Power: 15 W, Air Flow: 18 Ipm

14

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 15 W
Air flow: 18 Ipm

/\

I\

Experiment Date
Time

10/06/2014

14:59:02 - 15:03:47

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

= Qutlet, U/S On
Outlet, U/S On

(Expt.)
(Model a=0.001)

R g
Q
E /N
3
g [ ]\
4 A/ N\
AN
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 15 W
19 4 Air flow: 18 Ilpm
10 /\'< \
AN
£
2
S 6 f
> / \
2 | | [ 1Y
/ \\
: \
/'%/ \\k
0 = : -
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 15

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 18.15 == = 17.58 17.58 17.48 17.48
Temp. °C 20.8 14.9 16 83 83 8.2 8.2
Rel. Hum. 0.0803 0.922 0.929 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.22 9.78 10.59 6.81 6.81 6.78 6.78
Water Droplet Properties
Flow rate [ mi/min | 0339 — [ 0218 | 0219 | 0218 | o0.218
Temp. °C 24.65 — | 83 | 82 | 82 | s2
Length to end of calculation 5 52 3 45

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.98 1.53 3.09 2.26 177 2.18 1.94
Dv(50) (um) 4.21 4.74 7.19 4.73 4.48 4.68 4.45
Dv(90) (um) 9.12 9.04 12.89 10.34 10.22 10.33 10.19
Span 1.93 1.58 1.36 1.71 1.89 1.74 1.85
D[3][2] (um) 231 2.87 473 3.82 3.42 3.75 3.34
D[4][3] (um) 4.90 5.20 7.77 5.82 5.56 5.78 5.51
% Transm. 66.8% 88.1% 92.7% - - - -
Conc. (Cv) ppm 22.5 9.0 9.1 - - - -
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Trial 4.3.42 Ultrasound Power: 15 W, Air Flow: 20 Ipm

14

Droplet size distributions - Effect of Ultrasound

12 +

10

U/S Power: 15 W
Air flow: 20 Ipm

/\
I\

Experiment Date
Time

10/06/2014

15:09:54 - 15:14:37

droplet diameter (um)

=Inlet

====Qutlet, U/S On (Model a=0.04)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

R g
Q
: ﬁ \\
3
B / / \\ \
4 // / ‘ \
A N
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 15 W
19 4 Air flow: 20 Ilpm N
. AN
/L
Q
E \
2
86 \
2 | | (1Y
/ \
: N\ N\l
0 - = » -
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 15

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 20.1 —- —- 19.40 19.40 19.40 19.40
Temp. °C 20.8 14.4 15.4 8.1 8.1 8.2 8.2
Rel. Hum. 0.0784 0.918 0.926 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.19 9.42 10.15 6.74 6.74 6.76 6.76
Water Droplet Properties
Flow rate [ mi/min | 0339 — [ = T 0205 | 0206 [ 0206 | 0.206
Temp. °C 243 — | | 81 | 81 | 82 | 81
Length to end of calculation 6 72 3 61

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.98 1.53 3.09 2.19 1.86 2.12 1.81
Dv(50) (um) 4.21 4.73 6.72 4.76 4.58 4.73 4.54
Dv(90) (um) 9.12 9.21 11.91 10.50 10.35 10.47 10.31
Span 1.93 1.62 1.31 1.74 1.85 1.77 1.87
D[3][2] (um) 231 2.88 4.69 3.94 3.54 3.86 3.46
D[4][3] (um) 4.90 5.27 7.32 5.92 5.63 5.87 5.57
% Transm. 66.8% 89.9% 93.0% - - - -
Conc. (Cv) ppm 22.5 7.5 8.6 - - - -
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Trial 4.3.43 Ultrasound Power: 17 W, Air Flow: 6.5 lpm

Volume %

Droplet size distributions - Effect of Ultrasound

18

16 +

14

U/S Power: 17 W
Air flow: 6.5 Ipm

12

10

IPAv)

/ANEA
N

0.1

=Inlet

1

=== Qutlet, U/S Off (Expt.)

10 100

droplet diameter (um)

=== Qutlet, U/S On (Expt.)

Experiment Date 26/06/2014

Volume %

Droplet size distributions - Expt. and Model

U/S Power: 17 W

Air flow: 6.5 Ipm

N

I

\
\
\
\

7\
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\

/‘/ /

-

1]

_

0.1

=Inlet

====Qutlet, U/S On (Model a=0.04)

1

10 100

droplet diameter (um)

= Qutlet, U/S On
Outlet, U/S On

(Expt.)
(Model a=0.001)

Time 11:47:58 - 11:53:29
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 17

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee /s off | U/sOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 6.505 —- —- 6.32 6.32 6.27 6.27
Temp. °C 22.9 19.7 223 10.4 10.4 103 103
Rel. Hum. 0.0866 0.932 0.938 1.003 1.002 1.003 1.001
Sp. Humidity g/kg 1.50 13.48 15.98 7.88 7.88 7.83 7.83
Water Droplet Properties
Flow rate [ mi/min | 0368 — | = T o039 [ o319 [ 0319 | 0319
Temp. [ ~c 25.35 — | = | 104 | 104 | 103 [ 103
Length to end of calculation 1 6 1 4

Experieral eSS Model Results at OUTLET

B at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.00 2.24 7.87 1.42 1.27 1.39 1.25
Dv(50) (um) 4.23 5.07 13.25 4.61 4.54 4.60 4.53
Dv(90) (um) 9.15 8.99 21.71 9.57 9.52 9.56 9.51
Span 1.93 1.33 1.04 1.77 1.82 1.78 1.82
D[3][2] (um) 2.33 3.57 10.17 2.83 2.60 2.77 2.57
D[4][3] (um) 4.89 5.60 15.18 5.22 5.11 5.20 5.09
% Transm. 71.1% 63.1% 94.1% - - - -
Conc. (Cv) ppm 19.2 41.0 16.3 - - - -
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Trial 4.3.44 Ultrasound Power: 17 W, Air Flow: 8 Ipm

Experiment Date 26/06/2014

Droplet size distributions - Effect of Ultrasound Time 12:07:27 - 12:13:38
18
U/S Power: 17 W Conduit Properties Unit Value U/S Field Unit Value
16 + Airflow: 8lpm Diameter mm 100 Frequency kHz 21.7
/\ Length mm 300 Power W 17
14
12 I \ Experimental Results Model Results at OUTLET
N at OUTLET
® /\ \ Parameter Unit INLET
> 10 wse | wee u/s Off | U/SOn
E / \ \ @=0.04 | 0=0.001] «=0.04 [ o =0.001
o 8 77N Air Properties
= / \\/ \ Flow rate lpm 8.015 —- —- 7.76 7.76 7.75 7.75
6 Temp. °C 21.95 20.3 23.1 9.8 9.8 9.9 9.9
/ x \ Rel. Hum. 0.0979 0.932 0.939 1.003 1.002 1.003 1.000
4 /_/ / \ \ Sp. Humidity g/kg 1.60 14.00 16.81 7.54 7.54 7.59 7.59
) \ Water Droplet Properties
N% ‘_/ w Flow rate [ mymin | 0368 | — [ - [ 0311 | 0311 [ 0311 [ 0311
o Temp. [ c | 249 | = | — | 98 | 98 | 99 | 98
0.1 1 10 100 Length to end of calculation 2 7 1 5
droplet diameter (um)
ErpeilmaliE] R Model Results at OUTLET
===|nlet ====OQutlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.) 5 at OUTLET
Parameter Unit INLET /s off U/son
U/soft | u/son 1oy os Ta=-0001[[@=0104 [« =0001
. Dv(10) (um) 1.00 1.79 7.61 1.50 1.35 1.47 1.32
Droplet size distributions - Expt. and Model v(50) (um) 423 476 13.20 263 4.60 267 459
18 Dv(90) (um) 9.15 8.65 22.49 9,64 9,58 9.64 9.57
U/S Power: 17 W Span 1.93 1.44 1.13 1.74 1.79 1.75 1.80
16 7 Airflow: 8lpm DI3][2] (um) 233 3.10 9.19 2.94 2.66 2.87 2.63
1 /\ D[4](3] (um) 4.89 5.16 15.57 5.28 5.15 5.26 5.13
I % Transm. 71.1% 69.2% 93.9% - - --- -
12 Conc. (Cv) ppm 19.2 28.2 15.2 - - - -

Volume %

\
10 \
8 Al
) 740 IR
) /X
i Pad /N O\
Ay dErZ N\

10 100

0.1
droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.45 Ultrasound Power: 17 W, Air Flow: 10 Ipm

Droplet size distributions - Effect of Ultrasound

18

Experiment Date 26/06/2014
Time 12:20:46 - 12:27:14
Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 17

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 10 —- —- 9.67 9.67 9.67 9.67
Temp. °C 22.15 19.1 22.4 9.6 9.6 9.8 9.8
Rel. Hum. 0.09485 0.927 0.938 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.56 12.90 16.08 7.46 7.46 7.55 7.55
Water Droplet Properties
Flow rate [ mi/min | 0368 — [ = T 0298 [ 0298 [ 0297 | 0.297
Temp. [ c | 255 — | | 96 | 96 | 98 | o9s
Length to end of calculation 2 9 1 8

droplet diameter (um)

=Inlet

====Qutlet, U/S On (Model a=0.04)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

U/S Power: 17 W
16 -+ Airflow: 10lpm
) /\\
12 / \
2 /M
- VOV
2 o~
g /N
6 [N\
4 SN\
2 A AN\
o
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
18
U/S Power: 17 W
16 + Airflow: 10 lpm I\
14 \
12
. [\
o 10
: AL
S 8
* 7 X\
6 /N
4
g / \ \
, / \
A g NuE
0 — -_— —
0.1 1 10 100

ErpeilmaliE] R Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.00 1.67 4.79 1.64 147 1.61 144
Dv(50) (um) 4.23 4.63 10.98 4.80 4.70 4.79 4.68
Dv(90) (um) 9.15 8.52 17.68 9.76 9.70 9.76 9.69
Span 1.93 1.48 1.17 1.69 1.75 1.70 1.76
D[3][2] (um) 2.33 2.96 5.74 3.13 2.78 3.06 2.74
D[4][3] (um) 4.89 4.99 11.27 5.38 5.22 5.35 5.19
% Transm. 71.1% 78.1% 94.7% - - - -
Conc. (Cv) ppm 19.2 18.1 8.0 - - - -
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Trial 4.3.46 Ultrasound Power: 17 W, Air Flow: 12 lpm

16

Droplet size distributions - Effect of Ultrasound

14+

12

U/S Power: 17 W
Air flow: 12 lpm

10

Experiment Date
Time

26/06/2014
12:33:39- 12:40:34

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 17

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 12 == = 11.59 11.59 11.59 11.59
Temp. °C 22.3 18.2 21.7 9.4 9.4 9.6 9.6
Rel. Hum. 0.08735 0.924 0.935 1.002 1.000 1.002 1.000
Sp. Humidity a/kg 1.45 12.14 15.34 7.36 7.36 7.47 7.47
Water Droplet Properties
Flow rate [ mi/min | 0368 — | —— T o028 [ o284 [ 0282 | 0283
Temp. ‘c_ | 2595 — | | 94 | 94 | 96 | 96
Length to end of calculation 3 15 2 13

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

Vo
: AV
Q
E 8 N
3
: /N
6 [N
4 AN\
2 AR IO\
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 17 W
14 -+ Airflow: 12lpm
\ /\\
10
p /N \
Q
E s
2
: 7 N\
6 \
4 N
0
0.1 1 10 100

Experieral eSS Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.00 1.43 174 178 1.59 1.76 1.57
Dv(50) (um) 4.23 4.51 11.42 4.92 4.81 4.91 4.79
Dv(90) (um) 9.15 8.58 19.20 9.90 9.82 9.90 9.81
Span 1.93 1.59 1.53 1.65 1.71 1.66 1.72
D[3][2] (um) 2.33 2.74 3.97 3.34 2.92 3.26 2.87
D[4][3] (um) 4.89 4.90 11.65 5.47 5.29 5.45 5.26
% Transm. 71.1% 82.8% 95.8% - - - -
Conc. (Cv) ppm 19.2 12.7 4.3 - - - -
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Trial 4.3.47 Ultrasound Power: 17 W, Air Flow: 15 lpm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

26/06/2014

12:47:40 - 12:52:53

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

14
U/S Power: 17 W
Air flow: 15 lpm
12 + //\\
) N \
N 8 7N
)
: /N
3
B / / \ \
4
/ / \ \
2
o
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 17 W
19 4 Air flow: 15 lpm
10
X g
GJ
£
2
S s
a4
2
\/
v
P —
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 17

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 15 == = 14.48 14.48 14.47 14.47
Temp. °C 22.3 17.2 19.7 9.3 9.3 9.4 9.4
Rel. Hum. 0.0867 0.918 0.931 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.44 11.31 13.46 7.30 7.30 7.37 7.37
Water Droplet Properties
Flow rate [ mi/min | 0368 — | = T o023 [ o264 [ 0263 | 0263
Temp. °C 26.1 — | | 93 | 93 | 94 [ o4
Length to end of calculation 3 26 2 23

Experieral eSS Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.00 1.51 4.05 2.01 177 1.98 1.73
Dv(50) (um) 4.23 4.62 8.84 5.10 4.72 5.08 4.68
Dv(90) (um) 9.15 8.99 14.99 10.09 9.99 10.08 9.97
Span 1.93 1.62 1.24 1.59 1.74 1.59 1.76
D[3][2] (um) 2.33 2.83 5.61 3.59 3.15 3.52 3.08
D[4][3] (um) 4.89 5.12 9.31 5.61 5.40 5.58 5.35
% Transm. 71.1% 88.0% 94.5% - - - -
Conc. (Cv) ppm 19.2 8.9 8.2 - - - -
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Trial 4.3.48 Ultrasound Power: 17 W, Air Flow: 18 Ipm

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 17 W
Air flow: 18 Ipm

Wi

Experiment Date
Time

26/06/2014
12:58:57 - 13:04:46

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)

====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

ES
Q
E 6
3
S

) \

0

0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 17 W
Air flow: 18 Ilpm
10 4 P\l

s //\X\
BQ \
Q
E s
2
2

4

2

o .

0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 17

Experlar:gzt:::: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off [ U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 18 == = 17.37 17.37 17.37 17.37
Temp. °C 22.45 16.2 17.4 9.4 9.4 9.5 9.5
Rel. Hum. 0.09325 0.913 0.929 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.57 10.54 11.60 7.37 7.37 7.40 7.40
Water Droplet Properties
Flow rate [ mi/min | 0368 — [ 0244 | 0244 | 0244 | 0.224
Temp. ‘c | 2615 — | 94 | 94 | 95 | 95
Length to end of calculation 4 45 2 38

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn 1554 [ =0.001 | @=004 [ =0.001
Dv(10) (um) 1.00 0.66 0.79 2.14 1.93 2.07 1.84
Dv(50) (um) 4.23 3.88 6.47 5.27 4.45 4.59 4.42
Dv(90) (um) 9.15 9.22 12.41 10.27 10.15 10.26 10.13
Span 1.93 221 1.80 1.54 1.85 1.78 1.87
D[3][2] (um) 2.33 1.94 2.39 3.76 3.37 3.70 3.28
D[4](3] (um) 4.89 4.66 6.69 5.73 5.49 5.69 5.44
% Transm. 71.1% 91.6% 95.4% - - - -
Conc. (Cv) ppm 19.2 4.0 2.7 - - - -
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Trial 4.3.49 Ultrasound Power: 17 W, Air Flow: 20 lpm

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 17 W
Air flow: 20 Ipm

7\

Experiment Date
Time

26/06/2014

13:09:25 - 13:13:54

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

ES
Q
E 6
3
s / /
4
Z 7 \
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 17 W
Air flow: 20 Ilpm

10 + //\\

8 A A
. \\
g . \
3 {
: 7§Z A\

4 | | (1)

, v \\\

M \
o4
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 17

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 19.95 == = 19.29 19.29 19.18 19.18
Temp. °C 22.5 15.7 16.6 9.4 9.4 9.2 9.2
Rel. Hum. 0.0864 0.916 0.924 1.001 1.000 1.000 1.000
Sp. Humidity g/kg 1.46 10.24 10.95 7.34 7.34 7.27 7.27
Water Droplet Properties
Flow rate [ mi/min | 0368 — | = T o023 [ o230 [ 0229 | 0230
Temp. °C 25.95 — | | 94 | 93 | 92 [ 92
Length to end of calculation 4 61 3 52

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 1.00 1.04 1.80 2.10 1.91 2.04 1.83
Dv(50) (um) 4.23 4.52 6.05 4.90 4.55 4.86 4.52
Dv(90) (um) 9.15 10.20 12.30 10.41 10.28 10.40 10.25
Span 1.93 2.03 1.74 1.70 1.84 1.72 1.87
D[3][2] (um) 2.33 2.43 339 3.88 3.50 3.81 3.42
D[4][3] (um) 4.89 5.31 6.81 5.82 5.55 5.78 5.49
% Transm. 71.1% 92.8% 94.5% - - - -
Conc. (Cv) ppm 19.2 4.4 4.8 - - - -
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Trial 4.3.50 Ultrasound Power: 20 W, Air Flow: 6.5 Ipm

Droplet size distributions - Effect of Ultrasound

Experiment Date
Time

29/05/2014
14:06:40 - 14:13:12

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

16
U/S Power: 20 W
Air flow: 6.5 lpm I\
14 + \
12
. A\
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)
£ 3 G
3
: /N
6 JoOAN
4 /N
2 AV AR/ \\\,\
0 =LA
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 20 W
14 -+ Airflow: 6.5 Ipm ’\
. \\
10
; \
£ s A
2
6 J A\
4 4
| N
0 | \;\’\
0.1 1 10 100

Outlet, U/S On (Model a=0.001)

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 20

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 6.55 —- —- 6.34 6.34 6.35 6.35
Temp. °C 22 18.2 20.5 9.7 9.7 9.9 9.9
Rel. Hum. 0.0824 0.939 0.941 1.003 1.002 1.003 1.001
Sp. Humidity g/kg 1.35 12.34 14.32 7.52 7.52 7.60 7.60
Water Droplet Properties
Flow rate [ mi/min | 0359 — [ = T o311 [ o311 [ 0310 [ 0310
Temp. c | 253 — | - | 97 | 97 | 99 | 99
Length to end of calculation 1 5 1 3

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/SOn I T o - 0,001 | @=0.04 | a - 0.001
Dv(10) (um) 0.93 1.97 6.61 1.28 115 1.25 113
Dv(50) (um) 3.90 4.99 12.42 4.26 4.20 4.25 4.19
Dv(90) (um) 8.51 9.03 20.73 8.82 8.79 8.82 8.78
Span 1.94 1.42 1.14 1.77 1.82 1.78 1.83
D[3][2] (um) 2.17 3.32 6.97 2.58 2.40 2.53 2.37
D[4][3] (um) 4.53 5.55 13.81 4.83 4.73 4.81 471
% Transm. 71.1% 62.5% 94.8% - - - -
Conc. (Cv) ppm 17.8 38.8 9.7 - - - -
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Trial 4.3.51 Ultrasound Power: 20 W, Air Flow: 8 lpm

Experiment Date 29/05/2014
Droplet size distributions - Effect of Ultrasound Time 14:41:08 - 14:47:17
18
U/S Power: 20 W Conduit Properties Unit Value U/S Field Unit Value
16 + Airflow: 8lpm Diameter mm 100 Frequency kHz 21.7
/\ Length mm 300 Power W 20
14 \
Experi | Result:
12 perimental Results Model Results at OUTLET
N at OUTLET
< /\ Parameter Unit INLET TSN I T
v 10 u/soff [ u/son z
E @=0.04 | 0=0.001] «=0.04 [ o =0.001
§ 8 N Air Properties
/ \Y \ Flow rate lpm 8.02 —- —- 7.76 7.76 7.76 7.76
6 Temp. °C 21.6 18.4 213 9.2 9.2 9.4 9.4
// \ Rel. Hum. 0.0845 0.933 0.939 1.003 1.001 1.003 1.000
4 \\ Sp. Humidity o/ke 135 12.42 15.02 7.26 7.26 7.36 7.36
) \ Water Droplet Properties
é \/ ~ / &\’\ Flow rate [ mimin | 0359 | — | -~ | 0303 | 0303 | 0301 | 0302
04 Temp. [ c | 237 | = | = | 92 [ 92 | 94 | o4
0.1 1 10 100 Length to end of calculation 1 6 1 5
droplet diameter (um)
ErpeilmaliE] R Model Results at OUTLET
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.) B at OUTLET
Parameter Unit INLET /s off U/50
n
U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
. Dv(10) (um) 0.93 1.69 6.47 137 1.22 1.35 1.21
Droplet size distributions - Expt. and Model v(50) (um) 3.90 473 187 233 4.26 233 225
18 Dv(90) (um) 8.51 8.55 19.96 3.88 .84 .88 .84
U/S Power: 20 W Span 1.94 1.45 1.14 1.73 1.79 1.74 1.80
16 7 Airflow: 8lpm /\ DI3][2] (um) 217 3.00 7.31 2.68 2.46 2.63 2.43
1 D[4][3] (um) 4.53 5.11 13.17 4.89 4.78 4.87 4.76
\ % Transm. 71.1% 66.9% 94.2% - - - -
12 \ Conc. (Cv) ppm 17.8 29.7 11.3 - - - -
§ 10
: \
3 s
* \
6 \
) \
: QO N
0 g S =
0.1 1 10 100
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.52 Ultrasound Power: 20 W, Air Flow: 10 Ipm

Experiment Date 29/05/2014

Droplet size distributions - Effect of Ultrasound Time 15:01:40 - 15:07:55
18
U/S Power: 20 W Conduit Properties Unit Value U/S Field Unit Value
16 - Airflow: 10lpm Diameter mm 100 Frequency kHz 21.7
,\ Length mm 300 Power W 20
14
12 \ Experimental Results Model Results at OUTLET
N at OUTLET
® /\ \ Parameter Unit INLET
> 10 wse | wee u/s Off | U/SOn
E / \/ \ @=0.04 | 0=0.001] «=0.04 [ o =0.001
o 8 N Air Properties
= / \X \ Flow rate lpm 10.1 —- —- 9.76 9.76 9.76 9.76
6 Temp. °C 21.7 18.4 21.3 9.1 9.1 9.3 9.3
// /\\ \ Rel. Hum. 0.0852 0.934 0.938 1.003 1.000 1.003 1.000
4 /:// / \\ \ Sp. Humidity g/kg 1.37 12.43 15.01 7.22 7.22 7.33 7.33
) \ Water Droplet Properties
/ \/ -/ / &\ Flow rate [ mimin | 0359 | — | —- | 0289 | 0289 | 0287 | 0287
0 AEaia Temp. [ c | 25 | — | — | o1 | 91 | 93 | 93
0.1 1 10 100 Length to end of calculation 2 9 1 8
droplet diameter (um)
ErpeilmaliE] R Model Results at OUTLET
===|nlet ====OQutlet, U/S Off (Expt.)  ====Outlet, U/S On (Expt.) 5 at OUTLET
Parameter Unit INLET /s off U/son
U/soft | u/son 1oy os Ta=-0001[[@=0104 [« =0001
. Dv(10) (um) 0.93 1.82 5.89 1.51 1.35 1.49 1.33
Droplet size distributions - Expt. and Model v(50) (um) 3.90 474 127 204 4.35 204 434
18 Dv(90) (um) 8.51 8.55 18.85 .98 8.93 8.98 8.92
U/S Power: 20 W Span 1.94 1.42 1.15 1.68 1.74 1.69 1.75
16 7 Airflow: 10lpm DI3][2] (um) 217 3.12 6.84 2.86 2.56 2.80 2.53
1 D[4][3] (um) 4.53 5.10 12.35 4.98 4.84 4.96 4.82
% Transm. 71.1% 75.9% 95.0% - - --- -
12 Conc. (Cv) ppm 17.8 21.3 9.1 - - - -

Volume %

24 — b/;‘ziif—————’/ \,\———\
00.1 1 10 100

droplet diameter (um)

el U114 == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)
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Trial 4.3.53 Ultrasound Power: 20 W, Air Flow: 12 lpm

Experiment Date
Time

29/05/2014
15:19:22 - 15:27:25

Droplet size distributions - Effect of Ultrasound
16
U/S Power: 20 W
14+ Air flow: 12 Ipm I\\
12 / \
" JAY
: LN
Q
£ 3 G
3
: /N
6 /N
4 )N
2 /vfé/ \&
0
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
16
U/S Power: 20 W
14 -+ Airflow: 12lpm
12
10
X
GJ
E s
32
2
6
4
2 ~ 2 /
Ihs _/
SEEEY s f
0.1 1 10 100
droplet diameter (um)
= |nlet == Outlet, U/S On (Expt.)
====Qutlet, U/S On (Model a=0.04) Outlet, U/S On (Model a=0.001)

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 20

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 12 == = 11.59 11.59 11.59 11.59
Temp. °C 21.75 17.1 20.8 8.8 8.8 9.2 9.3
Rel. Hum. 0.08215 0.927 0.94 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.32 11.35 14.57 7.08 7.08 7.28 7.28
Water Droplet Properties
Flow rate [ mi/min | 0359 — | = T o276 | 0277 [ 0274 | 0274
Temp. °C 24.45 — | | 88 | 88 | 93 [ 92
Length to end of calculation 2 14 1 12

Experieral eSS Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.65 5.75 1.63 1.46 1.61 144
Dv(50) (um) 3.90 4.62 10.80 4.55 4.44 4.55 4.44
Dv(90) (um) 8.51 8.48 18.77 9.07 9.01 9.08 9.01
Span 1.94 1.48 1.21 1.64 1.70 1.64 1.71
D[3][2] (um) 2.17 2.95 7.90 3.03 2.68 2.97 2.64
D[4][3] (um) 4.53 4.99 11.77 5.07 4.91 5.05 4.88
% Transm. 71.1% 81.4% 95.2% - - - -
Conc. (Cv) ppm 17.8 15.0 10.2 - - - -
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Trial 4.3.54 Ultrasound Power: 20 W, Air Flow: 15 lpm

Volume %

16

Droplet size distributions - Effect of Ultrasound

14+

12

U/S Power: 20 W
Air flow: 15 lpm

10

N
I~

NS

0.1

=Inlet

=== Qutlet, U/S Off (Expt.)

10
droplet diameter (um)

=== Qutlet, U/S On (Expt.)

100

Experiment Date
Time

29/05/2014
15:41:11 - 15:44:05

Volume %

Droplet size distributions - Expt. and Model

14 +

U/S Power: 20 W
Air flow: 15 lpm

~

\ 1\
N

0.1

. A

=Inlet

====Qutlet, U/S On (Model a=0.04)

10
droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 20

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 14.9 == = 14.39 14.39 14.38 14.38
Temp. °C 21.55 16.6 19.6 8.6 8.6 8.9 8.9
Rel. Hum. 0.0789 0.924 0.935 1.002 1.000 1.002 1.000
Sp. Humidity g/kg 1.25 10.95 13.43 6.97 6.97 7.11 7.11
Water Droplet Properties
Flow rate [ mi/min | 0359 — [ = T o257 | o257 | 0255 | 0.256
Temp. c | 247 — | - | 86 | 86 | 89 | 89
Length to end of calculation 2 24 2 21

Experieral eSS Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.67 5.39 1.82 1.62 1.79 1.59
Dv(50) (um) 3.90 4.70 9.75 471 4.58 471 4.57
Dv(90) (um) 8.51 8.77 16.96 9.28 9.16 9.29 9.15
Span 1.94 1.51 1.19 1.58 1.65 1.59 1.66
D[3][2] (um) 2.17 2.99 7.66 3.28 2.88 3.21 2.82
D[4](3] (um) 4.53 5.11 10.68 5.19 5.00 5.17 4.96
% Transm. 71.1% 86.8% 94.2% - - - -
Conc. (Cv) ppm 17.8 10.4 11.8 - - - -
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Trial 4.3.55 Ultrasound Power: 20 W, Air Flow: 18 Ipm

14

Droplet size distributions - Effect of Ultrasound

12 +

U/S Power: 20 W
Air flow: 18 Ipm

|

10

/.

Experiment Date
Time

29/05/2014
15:59:10 - 16:04:04

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 20

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 17.9 == = 17.28 17.28 17.28 17.28
Temp. °C 21.35 15.9 17.9 8.6 8.6 8.7 8.7
Rel. Hum. 0.08355 0.918 0.93 1.001 1.000 1.001 1.000
Sp. Humidity g/kg 1.31 10.40 11.99 6.96 6.96 7.00 7.00

Water Droplet Properties

Flow rate [ mi/min | 0359 — |~ T 0238 [ 023 [ 0238 [ 0238
Temp. c | 2 — | — | 86 | 86 | 87 | 87
Length to end of calculation 3 40 2 35

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)
Outlet, U/S On (Model a=0.001)

X 3 A
Q
: /N
3
B // / \\ \
4 \
AN
. _/\f
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
14
U/S Power: 20 W
19 4 Air flow: 18 Ilpm
10
X g
Q
£
2
S 6
a4
3 I~
SN
g
o0 -
0.1 1 10 100

Experieral eSS Model Results at OUTLET
. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 170 4.53 2.01 178 1.96 173
Dv(50) (um) 3.90 4.84 8.51 4.57 4.12 4.53 4.09
Dv(90) (um) 8.51 9.23 15.04 9.51 9.37 9.50 9.34
Span 1.94 1.55 1.24 1.64 1.84 1.66 1.86
D[3][2] (um) 2.17 3.05 6.66 3.46 3.08 3.40 3.00
D[4](3] (um) 4.53 5.36 9.31 5.31 5.09 5.27 5.04
% Transm. 71.1% 89.4% 94.5% - - - -
Conc. (Cv) ppm 17.8 8.5 9.7 - - - -
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Trial 4.3.56 Ultrasound Power: 20 W, Air Flow: 20 Ipm

12

10

Droplet size distributions - Effect of Ultrasound

U/S Power: 20 W
Air flow: 20 Ipm

A\

Experiment Date
Time

29/05/2014

16:11:14 - 16:16:30

=Inlet

====Qutlet, U/S On (Model a=0.04)

droplet diameter (um)

== Outlet, U/S On (Expt.)

Outlet, U/S On (Model a=0.001)

: /\
Q
E 6
3
| Vyalih
Z PAV A A\
. 4_/\\//:
0.1 1 10 100
droplet diameter (um)
===|nlet ====Outlet, U/S Off (Expt.) ~ ====Outlet, U/S On (Expt.)
Droplet size distributions - Expt. and Model
12
U/S Power: 20 W
Air flow: 20 Ilpm
10 +
8
X
Q
E 6
2
s
4
2 “\ /
ol _4
0.1 1 10 100

Conduit Properties Unit Value U/S Field Unit Value
Diameter mm 100 Frequency kHz 21.7
Length mm 300 Power W 20

ExPe":gB‘;'_:: S Model Results at OUTLET
Parameter Unit INLET

wse | wee u/s Off | U/SOn

@=0.04 | 0=0.001] «=0.04 [ o =0.001

Air Properties
Flow rate lpm 20.1 == = 19.39 19.39 19.39 19.39
Temp. °C 21.6 15.2 16.2 8.7 8.7 8.7 8.7
Rel. Hum. 0.08355 0.919 0.925 1.001 1.000 1.000 1.000
Sp. Humidity g/kg 133 9.94 10.68 7.02 7.02 7.02 7.02
Water Droplet Properties
Flow rate [ mi/min | 0359 — | = T 0223 ] 023 [ 0223 [ 0223
Temp. °C 24.75 — | | 87 | 87 | 87 | 87
Length to end of calculation 3 58 2 50

ErpeilmaliE] R Model Results at OUTLET

. at OUTLET
Parameter Unit INLET /s off U/son

U/SOff | U/sOn o564 [a=0.001| =004 [a=0.001
Dv(10) (um) 0.93 1.49 2.68 2.06 1.67 1.98 1.62
Dv(50) (um) 3.90 4.76 6.87 4.37 4.22 4.35 4.19
Dv(90) (um) 8.51 9.35 13.18 9.70 9.54 9.68 9.51
Span 1.94 1.65 1.53 1.75 1.86 1.77 1.88
D[3][2] (um) 2.17 2.85 4.28 3.58 3.23 3.52 3.15
D[4][3] (um) 4.53 5.33 7.64 5.40 5.15 5.36 5.10
% Transm. 71.1% 91.1% 94.4% - - - -
Conc. (Cv) ppm 17.8 6.5 6.3 - - - -
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