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ABSTRACT 

Continuous positive pressure of air on the airways (CPAP) is the most common 

treatment for the obstructive sleep apnea syndrome. Humidification of the air applied to 

the patient improves patient compliance by preventing congestion and nasal and throat 

dryness. Most humidifiers used in CPAP systems are traditional heating-type 

humidifiers which consume large amount of energy. 

In this thesis, a non-traditional humidification technique was developed to be used in 

various respiratory supportive device applications such as CPAP therapy. Atomization 

processes were reviewed and ultrasonic atomizers were found to be the most suitable in 

terms of power consumption, droplets size distribution of the spray generated and size 

of the device. Four setups were used for experiments with these atomizers using five 

frequencies (1.5, 1.7, 2.1, 2.6 and 3.0 MHz). The experiments demonstrated that 

excitation with sine pulses has better efficiency than square pulses. In order to avoid 

overheating of the ultrasonic atomizer, the pulses must be sent in bursts and the 

frequency at which this bursts are sent (duty cycle) was proportional to the heating of 

the transducer. The droplet size distribution was measured by three different methods 

(photographic, impact and optic) and it did not have a significant change with the power 

applied to the transducer. The power did have a direct relationship with the atomization 

rate. Ultrasonic transducers with resonant frequency of 1.5 MHz are recommended for 

this application since the generated droplets have a small diameter (which facilitates its 

evaporation). The complexity of a driving circuit also increases with the frequency. 

Ideally there should be no water droplets in the air supplied to the patient. The 

evaporation of the droplets was mathematically modelled and experimentally tested to 

determine if the air that will be supplied needs to be heated to reach the fully 

evaporation. With an airflow rate of 60 L/min, the full evaporation of the droplets was 
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reached in a relatively short distance (0.05 m) compared with the normal separation 

between the equipment and the patient (1.50m). There is no need to use a heater achieve 

such evaporation of the droplets. In this device, the pathogen risk could be reduced with 

the use of hydrophobic filters. 

This work demonstrates that ultrasonic transducers are capable of atomizing sufficient 

quantities of water for this application with low power consumption. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

This chapter outlines the background and objectives of this research. 

Obstructive sleep apnea syndrome (OSAS) is a common disorder which affects a 

significant part of the population, for instance 4% of men and 2% of women in middle 

aged US population [1], 4.1-7.5% of men and 2.1-3.2% of woman in the same age-

ranged Asian population [2, 3] and 7.5% in Indian men [4]. OSAS is linked with 

anatomic or functional narrowing of the upper airway during sleeping time [5]. The 

consequences include respiratory disturbances from significant obstruction with or 

without reduced airflow (hypopnea and snoring)  to total absence of airflow (apnea)[6]. 

Continuous positive pressure of air on the airways maintained by mechanical ventilation 

is the preferred treatment for OSAS [7-9]. The pressurized air inside of the airway 

produces the restitution of airflow and it represents an effective therapy for OSAS in 

many patients[10] by improving the sleep quality of patients [11]. 

Mechanical ventilation can be applied to the patient through an oral, nasal or full facial 

mask. When oral masks are used, the nose is bypassed and, as consequence of this, 

humidification is required [12]. Full facial masks are not comfortable and present lower 

patient compliance than nasal masks [13]. When using the nasal mask, most patients 

also breathe through the mouth, which requires a higher flow rate. The respiratory 

system does not provide sufficient humidification at high flow, making the use of 

humidifiers imperative to prevent congestion, nasal and throat dryness [14, 15]. 
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Most humidifiers used in breathing systems are traditional heating-type humidifiers, 

which can result in overheating of air on hot days. Additionally, this kind of humidifier 

consumes a large amount of energy. Furthermore, the size of the current humidifiers 

presents a problem as patients require mobility to maintain their treatment. 

The main goal of this research is to develop a non-traditional humidification technique 

which could be implemented in various respiratory supportive device applications such 

as continuous positive airway pressure (CPAP) therapy. The project entails the 

modelling, simulation, fabrication and testing of a novel humidification system. 

 

1.2 OBJECTIVES 

This thesis aims to develop a novel humidifier for breathing assistive devices and aims 

to achieve the following objectives: 

- Develop a miniaturized atomizer that will form the first stage of a humidifier 

with low power consumption and small droplet size distribution. 

a- Decide on the optimal atomization method by performing a comprehensive 

literature review of different atomization processes. Techniques will be 

compared based on various parameters such as droplet size distribution, 

energy consumption, fabrication and electronic implementation complexity. 

b- Experimentally evaluate the performance of the chosen atomization method 

for air humidification purposes. 

c- Test different excitation modes to determine energy efficiency. 

d- Characterize different transducers in terms of power consumption and 

droplet size distribution of the spray generated. 
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- Analyze the need for a second stage to fully evaporate the droplets produced on 

the first stage 

a- Analyze of the required conditions to fully evaporate the droplets. Define the 

power requirements. 

b- Design a housing structure that enhances the mixing of the air and water 

droplets generated by the atomizer and force the large droplets to fall back 

into the atomization chamber. 

c- Formulate a mathematical model of the evaporation of water droplets in a 

tube to determine the length required for full evaporation in response to 

variables such as initial droplet size distribution, air temperature, water 

temperature. 

- Define the final characteristics of the humidifier such as water storage, water 

feeding system and pathogen control technique. 
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CHAPTER 2: LITERATURE SURVEY 

2.1 INTRODUCTION 

When mechanical ventilation is applied to a patient, humidification of the air is needed 

in order to prevent functional and morphological damage to the ciliary cells of the 

trachea-bronchial tree caused by the loss of moisture [16]. 

The humidification of air can be separated into two categories: 

- Isothermal 

- Adiabatic 

In isothermal humidification, an external heat source is used to change liquid water into 

water vapour which is added into the air supply. Adiabatic humidification does not 

involve the contribution of thermal energy from an external source. The water is 

evaporated with the heat supplied by the air that is being humidified (evaporative 

humidifiers) or the water is atomized (disintegrated into small drops or droplets [17]) by 

the addition of mechanical energy and then the water droplets are injected into the air 

supply [18] (atomizers). 

Both isothermal humidifiers and adiabatic humidifiers (without considering atomizers) 

need a large water surface area to be effective. Since this condition makes 

miniaturization difficult, it has been decided to atomize the water and then vaporize the 

droplets. 

Figure 2-1 shows the details of the proposed layout for the control of the humidity and 

temperature at the output of the system. Air at the input passes through the component 1 

“heater” and component 2 “atomizer” where heat and water droplets are added. Then, 
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the “vaporization process” takes place in component 4. Component 3 feeds water to the 

atomizer and the bacteria risk is reduced by component 6. The function of all the 

components is regulated by an appropriate control. 

 
Figure 2-1: Layout to control the humidity and temperature. 

This literature review will focus on the following subjects: 

- Atomization processes (to define the atomizer) 

- Droplet Size Distribution Measurement (to define the atomizer) 

- Water Droplet Vaporization (to define the heater) 

- Pathogen Control (to define the attenuation method) 

2.2 ATOMIZATION PROCESSES 

This section will evaluate atomizers in terms of different parameters such as droplet size 

distribution, energy consumption and fabrication and electronic implementation 

complexity. 

The main methods of water atomization processes are: rotary, pressure, two-fluid, 

electrohydrodynamic and ultrasonic [19], see Figure 2.2  
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Figure 2-2: Atomization processes classification. 

2.2.1 CENTRIFUGAL ATOMIZATION 

Water is fed to a rotating surface that spreads droplets due to centrifugal force [20]. The 

atomization occurs as a result of unstable aerodynamic waves normal to the direction of 

flow. This can be achieved using flat disks, vaned disks, cups, slotted wheels [19]. The 

opening conditions of the atomizer will determine the flow regimes [21]. The droplet 

size depends, amongst others, on the disk rotational speed and diameter and geometry 

parameters of the vanes [19, 22-25]. A narrow droplet size distribution is a 

characteristic of small disks, high rotational speeds and low liquid flow rates. As the 
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tangential velocity increases, a direct droplet formation mode changes to a ligament 

formation and then atomization and film formation [19, 25].  

The exit velocity of water from this kind of atomizers can be predicted by analyzing the 

energy balance and there are theoretical equations of the trajectory of the droplets in the 

plane perpendicular to the atomizer’s rotation axis [22]. Rotation multi-nozzle system 

would also be a centrifugal atomizer such as that designed by Masayuky [23]. He had 

predicted the parameters from the data of the experiment of a single nozzle. 

The energy needed for atomization would be the energy required to accelerate the water 

to the tangential velocity. Roughly, mass flow rate times the half of the square rotational 

velocity [26]. Although the energy consumption is a good point to consider a centrifugal 

atomizer as a candidate, the droplets are ejected from the atomizer at high speed and are 

likely to impinge any close surface which makes its miniaturization difficult. 

2.2.2 PRESSURE ATOMIZATION 

When liquid is forced through an orifice by a pressure differential, four break modes are 

possible: Rayleigh, First wind-induced, Second wind-induced and Atomization. These 

break modes depend on the Weber number (We) of the liquid jet which is the ratio of 

the inertia force to surface tension force acting on the jet. This may be written as: 

 𝑊𝑒 = 𝜌 𝑑 𝜇2/𝜎  (2.1)  

where 𝜌 is the density of the liquid 𝑑 the diameter of the stream 𝜇 the velocity of the 

liquid and 𝜎 is the liquid surface tension respect to the air. If the Weber number is 

higher than 40.3, atomization of the liquid is achieved [27, 28]. 

Manufacturing techniques for integrated circuits (which allow the pattern and etching of 

tiny holes/nozzles on wafers of silicon), make possible the fabrication of pressure 
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atomizers for ink-jet print-head applications. The ink droplets are ejected through a 

nozzle by the propagation of a pressure wave generated by the growth and collapse of a 

gas bubble (thermal print-heads) or by the deformation of a piezoceramic material 

(piezoelectric print-heads). The droplet size can be manipulated by modifying the 

geometry of the chamber and nozzle, the excitation pulses and the quantity of water 

before compression (fill-before-fire level) [29]. This concept also applies to the 

generation of water droplets and they can be as small as 3 µm in diameter [30]. 

Compared with piezoelectric print-heads, thermal print-heads have the advantage of 

speed and easy fabrication but also with increased power consumption [31]. Nebulizers 

are usually based on piezoelectric actuation due to the risk of thermal degradation of 

medicines that are to be nebulized [32]. Moreover, the heater has a short lifetime 

because of cavitation damage [33].  

Instead of having an actuator pushing the liquid against the holes, some nebulizers have 

a vibration plate with holes that extrudes the liquid that is underneath through its holes 

[34]. The vibration plate is moved upwards and downwards by the action of a 

piezoelectric transducer that is surrounding the plate. A commercial aerosol generator 

can convert more than 0.75 ml/min of water in water droplets of 3-4 µm [35]. It is 

important to note that a rate of 2.3 ml/min is needed to humidify 60 L/min of air from 

50 % RH at 10˚C to 100 % RH at 37̊C. Manufacturers recommend 60 L/min of air as 

appropriate therapy for OSAS. 

These atomizers can work in any orientation. The main drawback of this method is the 

possible clogging of the hole/nozzles. This problem could be solved by using distilled 

water. 
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2.2.3 TWO-FLUID ATOMIZATION 

Two-fluid atomization is produced by the interaction of a gas jet (usually air) and the 

liquid that is to be atomized. Frictional shearing forces on the surface of the liquid assist 

the split of droplets [36]. 

When the gas stream is faster, laminar and coaxial to the liquid jet and Weber number is 

between 1 and 40, a monodispersed droplet size distribution [37]. Coaxial gas jet is not 

the only configuration. Other atomizers use micro jets crossing a film of the fluid. The 

film of liquid is on a surface that has 7 µm holes from which air is coming at high 

pressure (~400 KPa)[38]. The droplets produced were ~20 µm diameter and no smaller 

droplets were obtained with smaller holes [38, 39]. 

None of these configurations seem to be suitable for a miniaturized humidifier since 

they need a compressed air source. 

2.2.4 ELECTROHYDRODYNAMIC ATOMIZATION 

A certain value of charge in a droplet generates electric forces that are stronger than 

those of surface tension, which promotes instability of a droplet [40]. Liquid is usually 

supplied by a narrow capillary/nozzle that is at a given voltage. An annular ground 

electrode helps the atomization. The charging of the liquid can be done by direct 

contact, induction and conduction [41]. Five modes of liquid disintegration can be 

identified in electrohydrodynamic atomization: Cone jet, Micro-dripping, Spindle, 

Simple jet and Dripping. Cone jet mode is the one that presents smaller droplet sizes. 

The size distribution is also considered monodisperse when compared with the other 3 

modes [42].  This mode is the result of extremely small flow rate (~µl/min) exposed to 

high DC voltage (~KV). The droplet size doesn’t depend on nozzle diameters, but is 

related to the liquid properties (electric conductivity, electric permittivity and surface 
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tension) [43]. Atomization of water in this mode is not common due to its high surface 

tension and conductivity. However, Lastow and Balachandran [44] have successfully 

atomized water in this mode with relatively low voltage (~4 KV). The flow rate was in 

the range of 0.5-4.0 µL/min. For humidification purposes in medical devices, ~2300 

µl/min of water has to be atomized. Moreover, a power supply that provides high 

voltages would not be easy to miniaturize.  

2.2.5 ULTRASONIC ATOMIZATION 

Large volumes of water aerosol can be generated by small devices with ultrasonic 

techniques. This techniques are also being used in medical applications generating 

medical solution aerosols for respiratory therapy [45]. When liquid is vibrated at high 

frequencies (higher than 20 KHz), a combination of capillary waves and cavitation take 

place and minute droplets break the surface tension of the water and quickly dissipate 

into the air forming fog or mist. Lang has formulated an equation that relates the droplet 

size with the forcing sound frequency based on Kelvin’s equation and its modification 

by Rayleigh [46, 47]. 

 𝐷 = 0.34 ∗  �
8 ∗ 𝜋 ∗ 𝜎
𝜌 ∗ 𝐹2

�
1/3

 (2.2)  

Where D is the number-median diameter of the spray (drop diameter such that 50% of 

the number of drops in the spray have smaller diameter), F the forcing sound frequency, 

𝜎 and 𝜌 the surface tension and density of water respectively [48]. It seems that the 

diameter does not depend on the amplitude of oscillation of the transducer [49]. In the 

experiments, water atomized at one specific frequency results in droplets of a wide 

range of sizes. This can be due to phenomena of coalescence and evaporation of the 

droplets just after they break the surface tension [47] or because the pattern of the 

capillary waves on the surface of the liquid becomes chaotic a little onset of atomization 
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[50]. If the phenomena are the cause, the maximum entropy formulation can be used to 

theoretically predict the droplet size distribution [51]. 

There are two approaches to generate droplets by ultrasonic atomization: passing flow 

across a standing ultrasonic wave or depositing the liquid over an ultrasonic transducer. 

The first method involves a channel that works as a mechanical amplifier of the 

vibrations generated by circular piezoceramic plates. Experimental geometries have 

been tested in order to detect important design parameters such as shape, size and 

number of circular piezoceramic plates. By increasing atomizer size and wave 

amplitude, the flow rate was increased. Resonant surface area has also affected the flow 

rate but in less proportion [52]. Tsai et al. [53] have micromachined a 3-Fourier horn 

silicon nozzle that works at 0.5 MHz and produced droplet sizes smaller than those 

produced by other conventional ultrasonic atomizers at three times higher frequency. 

Barreras, et al. [46] have focused on the second approach to atomize volumes of water 

of 0.2-0.4 ml. The frequency used was 1.65 MHz yielding micron-range droplets. 

Considering the characteristic length of the perturbations on the liquid surface was 

different to the droplet size, the origin of the spray droplets could be attributed to 

cavitation instead of capillary waves. Atomization rate was increased with increments of 

oscillation amplitude (proportional to voltage increments). Droplet velocities were also 

found to increase with the voltage. Currently, most of the atomizers have flat 

transducers, however, Wolf-Dietrich et al. [54] have patented an ultrasonic liquid 

atomizer with a continuously concave surface adapted to the liquid quantity and liquid 

surface tension. The atomizer was able to atomize volumes up to 15 µl in less than 3 

seconds requiring up to 30 W of power. The frequency was in the range of 1-5 MHz and 

most of the generated droplets had diameters smaller than 5 µm. The atomizer could 

also be based on silicon membrane vibrated by a piezoelectric ZnO layer at ultrasonic 

frequency [55].  
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A pulsed excitation system is required to avoid heating the ceramic over its Curie 

temperature, otherwise, it is depolarized. Still, it is not easy to excite these transducers 

since driving circuits that provide voltages of 50-60 V and powers around 10 W are not 

common [56]. In order to use lower voltages, more than one transducer could be 

arranged to focus at the same point, considering that the intensity of the ultrasonic 

waves reaches a maximum at the natural focal point of the ultrasound beam [57]. To 

control the output, some variables such as current, voltage or power supplied to the 

transducer could be used as a feedback to maintain a stabilized atomization rate [58]. 

The excitation frequency has a limit due to resonance models and piezoelectric 

materials. The maximum driving frequencies that have been found in the literature are 5 

and 8 MHz to yield sub-micron droplets [59, 60].  However, Surface Acoustic Wave 

(SAW) devices could work at higher frequencies [61]. These atomizers have an 

interdigit transducer (IDT) that, in response to an electric signal, generates a Rayleigh 

type SAW that is propagated on a piezoceramic plate. The energy of the SAW is 

radiated into liquid if it is placed in the propagation path producing the atomization of 

the liquid (SAW streaming) [62]. Even though ultrasonic atomizers have high energy 

density, good energy-conversion efficiency and small size in comparison with those 

produced by other methods, SAW atomizers could be 5 times smaller. Contrary to 

ultrasonic atomization, in which the droplet size is not related to the voltage, SAW 

atomizers present a relation between droplet diameter and driving voltage [63]. Chono 

et al. [62] have worked on continuous generation of mist by a SAW-based atomizers. A 

filter paper was used to keep the thin liquid layer on the surface [62]. Kurosawa et al. 

[64] have worked on a pumping system to be used in SAW water atomizers. The 

pumping effect is due to the wave motion of the elastic material and viscosity of the 

fluid. There is a SAW atomizer that works at 78 MHz and continuously generates 

droplets of 1.5 µm. The device was constituted by an IDT, reflector, and a Rayleigh 

wave beam compressor [65].  
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Ultrasonic atomizers usually need to work in a horizontal position since the water has to 

be on the surface to be atomized. 

2.2.6 COMBINATION OF DIFFERENT ATOMIZATION PROCESSES 

There are combinations of the mentioned atomization processes. An example of this is 

the ultrasound-modulated two-fluid (UMTF) atomization that utilizes air to assist the 

ultrasonic atomization. By ultrasound, capillary waves are produced on the liquid 

surface and air helps the split of small droplets from the crests [66]. Tsai et al. [67] have 

compared three precursor drop generation systems, namely an ultrasonic atomizer 

working at 120 KHz that presented low output and narrow drop size distribution, an 

UMTF at 120 KHz which has shown high throughput, narrow size distribution and 

small peak drop diameter and an ultrasonic nebulizer (1.65 MHz) with the small peak 

drop diameter. Ultrasonic and pressure atomization are also combined. The liquid is 

vibrated in a micromachined horn structure that is designed to focus the acoustic wave. 

The thickness of the piezoelectric transducer is chosen to match the cavity resonance. 

Driving electronics and control of fluid level are complex and expensive to achieve 

[32]. 

Table 2-1 summarizes devices based on different atomization processes that have shown 

better results considering droplet size generated, flow rate, power consumption and size. 
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Table 2-1: Atomization processes comparison  

ATOMIZER  ATOMIZATION 
PRINCIPLE 

FREQ 
[MHz] 

DEVICE 
SIZE 
[mm2] 

DROPLET 
DIAMETER 

[µm] 

POWER 
[W] 

ATOM. 
RATE 

[ml/min] 

ATOM. 
RATE / 
POWER 

Ultrasonic 
Atomizers 
(Flat 
transd.) 
[56] 

 

 

Vibration 
causes capillary 

waves and 
cavitation 

1.65 π x 10.02 
x 5.5 3.5 10.0 18.00 1.80 

Pressure 
Atomizer 
[68] 

  

Vibration plate 
extruding water 0.12 

18.0 x 
32.0 x 
35.0 

4.0 1.2 0.50 0.41 

Ultrasonic 
Atomizers 
(Flat 
transd.) 
[46] 

 

 

Vibration 
causes capillary 

waves and 
cavitation 

1.65 π x 10.02 
x 5.5 3.5 30.0 6.67 0.22 

Ultrasonic 
Atomizers 
(SAW) 
[63] 

 

 

Surface waves 
cause capillary 

waves 
48.00 4.0 x 8.0 

x 0.6 3.0 2.3 0.17 0.07 

Ultrasonic 
Atomizers 
(SAW) 
[65] 

 

 

Surface waves 
cause capillary 

waves 
78.00 - 1.5 1.0 0.04 0.04 

Pressure 
Atom. 
(Thermal 
print-
heads) [30] 

  

Liquid is 
pushed through 

a nozzle 
NA 

10.0 x 
20.0 x 
~0.1 

3.0 - - - 
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Pressure 
Atom. 
(Piezoelect
ric print-
heads) [33] 

  

Liquid is 
pushed through 

a nozzle 
3.50 

10.0 x 
10.0 x 
~0.1 

4.0 - ~3.5 - 

Ultrasonic 
Atom. 
(standing  
wave) [53] 

 

Vibration 
causes capillary 

waves and 
cavitation 

0.50 3.8 x 1.5 
x 36.6 7.1 - 0.05  

- 

EHD Low 
Voltage 
Atomizer 
[44] 

  

Electric charges 
cause cavitation 

of a narrow 
stream 

NA π x 2.02 x 
~40.0 

 
2.5 

 
- 

 
0.04 

 
- 

Gas-
Assisted 
Atomizers 
[38] 

 

 

Gas jet through 
liquid film NA π x 11.52 

x ~10.0 20.0 - - - 

UMTF 
Atomizers 
[67] 

 

 

Air and 
capillary waves 0.12 π x 18.32 

x 45.2 44.0 2.3 - - 

Centrifugal 
Atomizers 
[25]  

Spray due to 
centrifugal 

forces 
NA π x 66.12 

x 12.7 45.0 - 365.00 - 

The information about the size does not include the driving circuit. The higher the 

frequency, the more difficult the electronic implementation. 
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2.3 DROPLET SIZE DISTRIBUTION MEASUREMENT 

The measurement of droplets in an aerosol presents many difficulties, primarily because 

aerosol droplets are not static in volume and location. Determining droplet sizes is 

important in many applications such as agriculture (irrigation and application of 

pesticide), spray combustion and energy systems, atmospheric measurements (fog 

formation, visibility, cloud studies and formation of rain and storm) and industrial. 

Medical applications such as characterization of medicinal aerosol in development of 

administration devices and prospective medications also require droplet size 

determination [69-71]. 

In order to measure droplet’s sizes, several methods have been developed: 

- Photographic methods which could be obtained with relatively simply 

techniques and equipment, although, possible errors are related to the 

illumination utilized, the measurement of the images and focus issues [72, 

73]. 

- Impact methods are based on the fact that drops could be sized by 

microscopic examination after they are captured on sampling slides or 

cascade samplers [72]. 

- Thermal methods can be sub classified in evaporation and freezing 

methods. The first ones are based on the fact that evaporation times of 

droplets on a hot surface are a direct indication of droplet sizes. On the other 

hand, freezing methods consist in freezing the droplets and analyzing them 

like particles. These methods are not accurate for small droplets [72, 73]. 

- Electrical methods use the electrical properties of the droplet (resistance or 

capacitance) and relate them to their size [72]. 

- Optical methods achieve the measurement by means of processing either 

light scattered by the droplets or the obscuration, extinction and turbidity of 

a light beam passing through the aerosol. Diffraction sizers are based on the 
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diffraction pattern produced when a spherical particle is illuminated by a 

low power laser. The light beam is scattered by a droplet when its 

wavelength is smaller than the droplet’s diameter [69]. Laser-doppler 

anemometers also use an optical method to measure the size distribution and 

they make use of the frequency of the scattered light to determine the 

velocity of the droplets [72]. 

Photographic and Optical methods are techniques often used to analyze droplet sizes in 

sprays [74]. 

The decision of which method should be used, depends on the characteristics of the 

spray to be measured [73]. Corcoran et al. [71] have compared a phase Doppler 

interferometer, a time-of-flight instrument and three diffraction instruments by testing 

mono-sized polystyrene latex spheres and several sprays. When measuring water sprays 

from nebulizers, phase doppler interferometer and diffraction instruments showed 

similar results but the time-of-flight instrument showed higher mass median 

aerodynamic diameters. 

In this thesis, an impact method with sampling slides has been attempted to measure 

droplets produced by ultrasonic transducers at different frequencies. Hedrih et al. [75] 

have described this technique as easy for the measurement of water droplets smaller 

than 10 µm. Yuan et al. [76] have mentioned that a technique based on this method had 

high accuracy and low cost, however, it presents limitations to measure small droplets 

as they might bypass the sampler [73]. Hedrih et al. [75] explained that there are two 

main problems when a glass plate is used to capture droplets, one of them is the 

spherical shape of the droplet changes when is in contact with the glass and the second 

one is the quickly evaporation of the small droplets. This technique eliminates the first 

problem by using a thin film of paraffin oil covering the glass surface. The second 

problem is solved by covering the glass with settled droplets with another thin oiled 

plate. There would be partial resorption of liquid drops in paraffin oil but this process is 
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significant after 10 or 15 minutes. They declared that this technique was easy and gave 

good results with small droplets.  

However, when this method was used, the processing of the images was difficult since 

it was not possible to easily distinguish the droplets to be measured from the droplets 

that also appeared in the images and belonged to other planes different from the focal 

plane. Not even the use of filters helped to get rid of these unwanted droplets. A device 

based on an optical method was used, the Malvern Spraytec Laser Difractometer 

because it is sensitive, accurate and available. 

2.4 WATER DROPLET VAPORIZATION 

Regardless droplets with a diameter smaller than 5 micrometers would reach the deeper 

lung region [77], they might not be desirable for mechanical ventilation. A water 

vaporization stage has to be implemented to assure that the droplets are fully vaporized 

into the airstream. 

The difference in vapour’s concentration between the free stream and the droplet 

surface is the driving force for small droplets to be evaporated  [78]. The main 

mechanism of vapour transport to or from an inactive gas is diffusion. Maxwell and 

Langmuir have obtained the mass flux of water vapour (considering ideal gas 

behaviour 𝜌𝑖 = 𝑝𝑖 𝑀𝑖/𝑅 𝑇𝑖) for a diffusion-controlled isothermal evaporation of a 

sphere [79-81] 

 𝑗𝑖 =
Dij Mi

d
 �

pi
R Ta

� �−
pi∞

R T∞
� (2.3)  

Where Dij is a diffusion coefficient for the gas mixture, d the diameter of the sphere, pi 

the vapour pressure of the evaporating liquid 𝑖 at the surface temperature Ta, Mi the 

molecular weight, R the universal gas constant, pi∞ and T∞ the partial vapour pressure 

and temperature at a long distance from the surface of the evaporating liquid and. [81] 
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 Considering that the vapour pressure at the surface is in equilibrium (due to the fast 

departure of molecules from the surface) and 𝑇𝑎 = 𝑇∞(thanks to the high rate of heat 

transfer), the rate at which the diameter is decreasing is 

 
𝑑𝑑
𝑑𝑡

=
4 Dv M
𝑅 𝜌 d

 �
p∞

T∞
� �−

pd
Td
� ∅ (2.4)  

Where pdand Td are the pressure and temperature of the droplet respectively, 𝜌 is the 

density of the liquid, ∅ is a factor correction given by Fuchs for droplets smaller than 

1.0 µm [80]. 

The equation (2.4) can be integrated to obtain the time required to completely evaporate 

a droplet 

 t =
R ρ d2

8 Dv M �p∞
T∞
� �− pd

Td
� 

 (2.5)  

Maxwell assumed that the vapor pressure at Td is equal to the partial pressure at the 

surface of the droplet (vapor concentration at the surface = concentration of saturated 

vapor) [79]. This assumption is valid as long as the water droplet diameter is bigger 

than 0.1 µm. For droplets smaller than 0.1 µm, Kelvin equation associates the increase 

in vapour pressure with the surface curvature 

 𝑝𝑑 = 𝑝∞ 𝑒
4 𝛾𝑀
𝜌𝑅𝑇𝑑 (2.6)  

𝑝𝑑 is the vapour pressure over a curved surface, 𝑝∞ the vapor pressure over a flat surface 

and 𝛾 the surface tension of the liquid [79-81]. 

An empirical expression for the saturation vapour pressure of water is 

 𝑝𝑑 = 𝑒18.72−4062𝑇−37 [𝑚𝑚𝐻𝑔] (2.7)  
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Equation (2.6) has good agreement with experimental data for T between 273 and 

373˚K [80] 

Values of diffusion coefficient can be found for various gas mixtures at 0 ˚C and 760 

mmHg. They can be scaled to other temperatures with the equation (1.7). 

 𝐷 ≈  𝐷0  �
𝑇
𝑇0
�
1.94

 (2.8)  

𝐷0 and 𝑇0 are the diffusion coefficient and temperature for the gas mixture at 0 ˚C and 

760 mmHg [79].  

On the other hand, the temperature of the droplet 𝑇𝑑 can be obtained from the balance 

between the heat lost due to the evaporation and that gained by conduction with the 

surrounding air 

 𝑇𝑑 − 𝑇∞ =  
𝐷𝑣 𝑀 𝐻
𝑅 𝑘𝑣

 �
pd
Td
−  

p∞

T∞
� (2.9)  

𝐻 is the latent heat of evaporation and 𝑘𝑣 is the thermal conductivity of the gas. 

Equation (2.9) cannot be evaluated explicitly (dependence of pd on Td), and the 

following equation has good results for specific humidities (𝑤) between 0 and 0.5 and 

ambient temperatures between 0 and 20˚C [80] 

 𝑇𝑑 − 𝑇∞ =  
(6.65 + 0.345 T∞ +  0.0031 T∞

2) (𝑤 − 1)
1 + (0.082 + 0.00782 T∞) 𝑤

 (2.10)  
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2.5 PATHOGEN CONTROL 

Sanner et al. [82] have concluded that CPAP therapy increases the risk of upper airway 

infection either with or without heated humidity. Yet when patients are not intubated 

(less exposed to pathogen), water pretreatment is recommended for ultrasonic 

humidifiers as any dissolved solids present will become airborne [83]. 

Although microbial contamination of new and used CPAP machines might be minimal 

[84], a report of United States Environmental Protection Agency stated that ultrasonic 

and impeller humidifiers can disperse microorganism and minerals present in the water 

used for humidification and the use of tap water in these humidifiers poses a serious 

health risk [85]. It also mentioned the importance of the proper care and cleaning of 

humidifiers in the reduction of the exposure to microorganisms. Any particle between 

0.02 and 3.00 micrometers are optimal in size for depositing in the bronchi, trachea and 

pharynx [86]. Moreover, while dead microbial cells may not be infectious, their protein 

content could trigger allergic responses [87]. Convection-type humidifiers don’t have 

this problem since bacteria present in the water do not became air-borne [88]. 

Rodriguez et al. [89] have investigated the bacterial contamination in noninvasive home 

ventilators of two brands. The most frequent microorganism was Staphylococcus aureus 

and they have concluded that the degree of cleaning and disinfection seems to affect 

contamination. 

Even though ultrasound in the range 1-3 MHz was shown to kill bacteria in biofilms 

both in vitro and in animal models, different bacteria appeared to have different 

response to ultrasound waves and lower frequencies could be more effective [90]. 

Filtering the humid air that goes into the patient could be the solution. Ortolano et al. 

[91] have studied the performance of hydrophobic filters to reduce contamination risk in 

CPAP therapy when humidifiers are used. They have stated that hygroscopic materials 

would retain water and increase the pressure drop. They concluded, after analyzing the 
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water produced by the condensation of the humid air in the patient tube, that there may 

be a risk for respiratory infection when heated humidifiers are used with contaminated 

water and no filters. On the other hand, hydrophobic filters between humidifier and 

mask may reduce the risk. 
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CHAPTER 3: EXPERIMENTAL INVESTIGATION 

3.1 INTRODUCTION 

In this chapter, the details of the experimental investigation are presented. This includes 

the experimental setup and methodology. 

The main purposes of the experimental investigation are to determine: 

1. The atomization rate of ultrasonic transducers 

2. The droplet size distribution generated by ultrasonic transducers 

3. The droplet size distribution at different distances from the atomizer  

4. The length of the tube and the heat required to fully evaporate the droplets 

produced by the atomizer 

3.2 EXPERIMENTAL SETUP 

To fulfil the above objectives, four experimental setups were developed. In this section, 

these setups will be explained. 

3.2.1 ATOMIZATION RATE 

In order to obtain air with a relative humidity (RH) in the range of 70-100% at 37 ˚C at 

the output of the humidifier, it is necessary to find the proper excitation signal which 

can generate an atomization rate from 0.46 ml/min (enough to increase the humidity of 

30 L/min of air with 65% RH at 25 ˚C to 70% at 37 ˚C) to 2.23 ml/min (enough to 

increase the humidity of 60 L/min of air with 40% RH at 20 ˚C to 100% at 37 ˚C). 
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Ultrasonic transducers that work at different resonant frequencies (1.5, 1.7, 2.1, 2.6 and 

3.0 MHz, datasheets I and II) were tested. A precision scale (AND HF-3000G) was used 

to record the difference of mass of water before and after the atomization in a fixed 

period of time (one and two minutes). A precision in the atomization rate of 2.5% RH at 

37 ˚C was also desirable. This is 0.03 g/min when the air flow rate is 30 L/min and 0.06 

mg/min when the air flow rate is 60 L/min. Consequently, the scale was required to 

measure down to 0.01 g. 

Figures 3-1 and 3-2 show the setup used to determine the atomization rate of the 

ultrasonic transducers in response to different excitation signals. The ultrasonic 

transducer (element 1) atomizes the water and the air flow takes away the generated 

water droplets. The atomization is produced inside a Y-shaped structure (part 2) and air 

is blown into it by a fan (Sanyo Denki 40 mm, 12 V DC Axial Fan) (element 3) to pick 

up the small droplets. The big droplets hit the walls of the structure and fall back on the 

atomizer. K-type thermocouples (Labfacility Z2-K-1M) are located outside (element 4) 

and inside (element 5) in contact with the water 1 cm above the transducer to measure to 

ambient and transducer temperatures respectively. The weight of the setup before and 

after the atomization was measured with a precision scale (element 6). 

 
Figure 3-1: Schematic of the setup for atomization rate experiments. Element 1- 

Ultrasonic transducer. 2- Y-shaped structure. 3- Fan. 4- Thermal couple 
measuring ambient temp. 5- Thermal couple measuring water temp. 6- Precision 
scale. 7- Resistances. 8- Oscilloscope. 9- Data logger. 10- Function generator. 11- 

Amplifier. 12- Power supply. 
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Figure 3-2: Setup for atomization rate experiments. 

The excitation signal was produced with a function generator (Hewlett Packard 

33120A) (element 10) connected to an amplifier (Amplifier Research 40A12) (element 

11). 

To measure the current in the transducer, four 10 Ω resistances in parallel (Req= 2.5 Ω) 

(element 7) were connected in series with the transducer and the voltage across these 

resistances was divided into the value of Req. Both the voltage across the resistances (to 

calculate the current) and across the transducer were recorded with an oscilloscope 

(Tektronix TDS 1012) (element 8) and the associated software (Open Choice Desktop 

Tek) to save the data. The RMS values were calculated using MATLABTM from the 

measured wave shape. 

Temperature was measured with a eight K-type thermocouples (Labfacility Z2-K-1M) 

and the humidity was measured with Honeywell HIH-4000-004 resistive sensors. These 

values were recorded with a data logger (Hewlett Packard 34970A) (element 9). 

Experiments were conducted in order to investigate the effect of different variables such 

as the number of pulses, the frequency at which they are sent (duty cycle) and peak to 

peak voltage. 
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In this setup, big droplets hitting and staying on the wall did not affect the measurement 

of the atomization rate since they tended to return to the water reservoir (due to self 

weight).  

3.2.2 DROPLET SIZE DISTRIBUTION 

Different methods (with different results) were chosen to determine the droplet size 

distribution generated by ultrasonic atomization at different frequencies. 

Droplets to be measured were created due to the vibration of ultrasonic transducers 

excited with signals produced by a function generator (Hewlett Packard 33120A) (Fig 

3-3, element 1) connected to an amplifier (Amplifier Research 40A12) (Fig 3-3, element 

2). Three methods were used to determine the droplet size distribution. 

- Photographic Method: Droplets were forced to fly through the focal length of an 

inverted microscope (Olympus IX71) (Fig 3-3, element 3). A high speed camera 

(PHOTRON FASTCAM-1024PCI) (Fig 3-3, element 4) was mounted to the microscope 

with a 400X magnification lens to capture images of the droplets at 500 frames per 

second. 
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Figure 3-3: Experimental Setup. Element 1- Function generator. 2- Amplifier. 3- 

Microscope. 4- High speed camera. 

 
Figure 3-4: High speed camera mounted into the microscope. 

 
Figure 3-5: Water droplets above the lens. 

The images were then imported into MATLABTM and analyzed. 
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  - Impact Method: The water droplets to be measured were captured with sampling 

slides (Figure 3-6). Paraffin oil was on the surface of the slides to prevent the droplets 

from making contact with them. Hence, the captured droplets retain their spherical 

shape and evaporation is slowed. 

 
Figure 3-6: Water droplets being captured between sampling slides. 

The slides containing the droplets were then placed on a microscope (Meiji MT6000 

Epi-Fluorescence Series) with magnifications of 40X, 100X, 400X and 1000X and 

pictures were taken with a camera. Then the images were processed with MATLABTM 

 
Figure 3-7: Microscope with camera connected to a computer for the measurement 

of water droplets with an impact method. 
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- Optical Method: A Malvern Spraytec RTSizer was used for this method. This 

machine calculates the droplet size distribution using a laser technique (laser diffraction 

patterning). The spray, which is formed by droplets to be measured is passed through a 

laser beam and the scattering pattern is recorded and analyzed [92].  

Figure 3-8 shows the laser of the Spraytec RTSizer and its path being altered by spatial 

filters, lens and particles or droplets to be measured. Once it is detected, the data is 

amplified and sent to a PC [93]. 

 
Figure 3-8: Schematic diagram of the principle used by the Spraytec RTSizer [92]. 

 

The Spraytec can be used in two different configurations -  inhalation cell and open 

head. In the inhalation cell, the total flow of droplets is confined to a specific diameter 

pipe and the absolute volume can be measured. With the open head, the droplet size 

distribution will give a relative measurement of the drop size for the total spray. 
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The open head method was used for this experiment because it allows the laser beam to 

be pointed just above the atomizer. To make the droplets pass through the laser beam, a 

custom-made housing structure was also used (for details see Chapter 5). 

Figure 3-9 shows the set up for the measurement of the droplets generated by an 

ultrasonic transducer (element 1) which is excited with a signal generated by a function 

generator (Hewlett Packard 33120A) (element 2) amplified by an amplifier (Amplifier 

Research 40A12) (element 3) and measured with an oscilloscope (Tektronix TDS 1012) 

(element 4). The laser emitter (element 5), receiver (element 6) and electronic interface 

(elemen 7) of the RTSizer can also be clearly. Compressed air is connected (element 8) 

to the emitter and receiver to avoid deposition of water droplets on the lens. A fan 

(Sanyo Denki 40 mm, 12 V DC Axial Fan) (element 9) passes air underneath the 

transducer to help the droplets to pass through the laser’s path.  

 
Figure 3-9: Experimental set up for the generation and measurement of water 

droplets with an optical method. Element 1- Ultrasonic transducer. 2- Function 
generator. 3- Amplifier. 4- Oscilloscope. 5- Laser emitter. 6- Laser detector. 7- 

Electronic interface. 8- Compressed air connection. 9- Fan. 



 

 

 

31 

 

3.2.3 DROPLET SIZE DISTRIBUTION AT DIFFERENT LENGTHS FROM 

THE ATOMIZER  

The following setup was built to measure the droplet size distribution of the spray of 

droplets at different locations. The droplets generated by the atomizer were forced to 

pass through a difractometer (Malvern Spraytec RTSizer) which measures the droplet 

size distribution. The setup has the possibility of changing the distance between the 

atomizer and the RTSizer. 

Figures 3-10 and 3-11 show the layout of the experimental setup. Air is blown 

underneath the atomizer and heated before passing through the atomizer picking up the 

droplets generated and transporting them to the laser difractometer in a closed space. 

Another fan helped to maintain the flow. 

 
Figure 3-10: Schematic of the setup for the measurement of the droplet size 

distribution at different distances from the atomizer. 
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A 29-mm diameter acrylic tube was attached to the inhalation cell of the laser 

difractometer. A 1.7 MHz ultrasonic transducer was fixed to a custom made base which 

fits inside the 29-mm tube and was connected to a 22-mm diameter polycarbonate tube. 

Through the 22-mm polycarbonate tube, air was supplied by a fan (Sanyo Denki 40 

mm, 12 V DC Axial Fan). The air was warmed up with a custom made heater (Figure 3-

12) and a flow meter (TSI 4000) was also connected to provide readings of the flow 

rate. The position of the atomizer was manually regulated to verify the droplet size 

distribution at different distances from the RTSizer. 

 
Figure 3-11: Setup for the measurement of the droplet size distribution at different 

distances from the atomizer. 
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Figure 3-12: Custom-made heater used in the setup. 

The heater was a high power resistor (Nte Electronics 25W4D7) encased in a 

polycarbonate tube (which melts at 120̊C) as shown in figure 3 -12. It was designed to 

heat up to 30 L/min of air from 15˚C to 37˚C ( ~12.5 Watts given a specific heat 

capacity of 1.012 J/(g ˚K) and a density of 1.204 Kg/m3 at 20˚C). The resistor was not 

in contact with the polycarbonate, and the heater had connectors at both ends 

manufactured from polytetrafluoroethylene (PTFE) with a maximum working 

temperature of approximately 300 ˚C. The resistance was connected to a power supply 

and an electrical current was passed through it to generate heat.  

2.2.4 EVAPORATION DISTANCE 

Experiments were performed to analyze the evaporation of the water droplets in a tube 

as they travel away from the atomizer. Knowing the amount of water in liquid state 

added to the air per unit of time, relative humidity and temperature (to work out the 

absolute humidity) were measured before the atomizer and at different distances from 

the atomizer. Considering that the absolute humidity is the amount of water in vapour 

state, it was possible to calculate the amount of water in liquid state changing to vapour 

state as it goes away from the atomizer with the air flow. The results were shown as 

percentage of water in liquid state over the total amount of water in the air flow. This 
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percentage was expected to be decreasing to zero as the distance from the atomizer 

increased. A zero percentage would represent the fully evaporation of the water present 

in the air flow. 

Different water droplet size distributions were produced with ultrasonic sensors at 

different frequencies (1.4, 1.7, 2.0, 2.5 and 3.0 MHz, datasheets I and II) combining 

them with a custom made housing structure (Fig 3-13, element 1, for more detail, see 

chapter 5). The flow rate was generated by a fan (Sanyo Denki 40 mm, 12 V DC Axial 

Fan) (Fig 3-13, element 2). 

The temperature was measured with 8 K-type thermocouples (Labfacility Z2-K-1M) 

(Fig 3-13, element 3) and eight Honeywell HIH-4000-004 humidity sensors (Fig 3-13, 

element 3). Data was recorded using an HP 34970A data logger (Hewlett Packard 

34970A) (Fig 3-13, element 4). All of the calculations were performed with 

MATLABTM. As shown in Figures 3-13, the temperature and humidity sensors were 

located above the atomizer, at 4, 8, 16, 32, 50 cm and outside the tube to register the 

atmospheric conditions. 

 

Figure 3-13: Detail of the tube with the housing structure and sensors. Element 1- 
Housing structure with atomizer. 2- Fan. 3- Humidity and Temperature sensors. 4- 

Data logger. 
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3.3 EXPERIMETAL PROCEDURES 

To address the four objectives given in section 3.1, the procedures used in the 

experiments will be explained. 

3.3.1 ATOMIZATION RATE 

The atomization rate was related to the power absorbed by the transducer which was 

obtained as follow. Four 10 Ω resistances in parallel (Req= 2.5 Ω) were connected in 

series with the transducer (Figure 3-14) and the potential across the resistance V1 was 

detected with an oscilloscope. At the same time, the voltage on the terminals of the 

oscilloscope V2 was also recorded on the oscilloscope. 

 
Figure 3-14: Measurement of Current (V1/Req) and Voltage (V2) on the 

transducer. 

Then, V1/Req is the current and V2 the voltage applied to the transducer. The 

transducers were excited with sine and square waves. Sine waves were used because of 

its simplicity of generation and amplification. On the other hand, square waves impart 

the highest power density to the transducer but, they are not easy to be generated and 

amplified. From the oscilloscope it was seen that the shape of the signals applied to the 

transducer were distortionated and the RMS value had to be calculated from the V1 and 
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V2 signals. This procedure was repeated for square and sine signals of 80 Vp-p, 100 Vp-p, 

120 Vp-p, 140 Vp-p and 160 Vp-p. The signals obtained with the oscilloscope were then 

processed with MATLABTM. 

The atomization rate was measured for each one of the above signals. The first 

transducer had a resonant frequency of the 1.7 MHz (datasheet on appendix A.1). 

Firstly, a 4-cm column of water was above the transducer and it was weighted before 

exciting the transducer. Then the transducer was excited for 2 minutes and the 

transducer with column of water was weighted again. The difference between these two 

values was the water that had been converted into droplets and blown away. This 

measurement was repeated 3 times for each excitation signal. And the excitation signals 

consisted of bursts of 5000, 10000 and 20000 pulses at 25, 50, 75 and 100% of duty 

cycle for square and sine shapes. The temperature of the water above the transducer was 

also measured. 

Since the pulses did not have major effect on the result, the transducers with other 

frequencies (1.4, 2.0, 2.5 and 3.0 MHz, datasheets on appendix A.2) were tested with 

square and sine signals of 20000 pulses at 25, 50, 75 and 100% of duty cycle for 80, 

100, 120, 140 and 160 Vp-p. The results are fitted with MATLABTM code. 

3.3.2 DROPLET SIZE DISTRIBUTION 

- In the photographic method, images containing the droplets to be measured and 

images with the background were read with MATLABTM. Subsequently, the 

background was subtracted from the images with droplets to eliminate all particles 

deposited on the glass and the resulting images were then converted into binary images 

with the right threshold for the calculation of the Sauter Mean Diameter (diameter of a 

hypothetical spherical drop which has and equivalent surface to volume ratio as the 

whole spray field) and representation in percentage of the total volume (Appendix B). 
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Figure 3-15: Image of particles magnified 400X (photographic method). 

  
Figure 3-16: Background showing particles deposited on the glass (photographic 

method). 

 
Figure 3-17: Difference image showing the droplets without the background 

(photographic method). 

 
Figure 3-18: Difference binary image showing the droplets (photographic method). 
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- With the impact method, a sampling slide was located for ~2 seconds above the 

atomizer so the droplets generated were deposited on it. This slide had a thin film of 

paraffin oil covering the contact surface to avoid the deformation of the small water 

droplets.  Then, the surface containing the droplets was covered with other oiled plate. 

The “sandwich” of plates was located on the microscope and images were taken with 

400X and 1000X lenses. These images were sent to the computer to follow the same 

analysis as the one previously explained for the photographic method (MATLAB code 

in Appendix B).  

 
Figure 3-19: Image of particles magnified 400X (impact method). 

 
Figure 3-20: Background showing particles deposited on the glass 

(impact method). 

 
Figure 3-21: Difference image showing the droplets without the background 

(photographic method). 
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- When the optical method was used to determine the droplet size distribution, the 

following steps were followed to prepare the equipment before starting the 

measurement. To start with, the reference noise and the background scattering were 

recorded. The sample details were set (details of how the sample was going to be 

measured). The reduction control parameters were chosen to make sure that correct 

analysis settings were applied during the measurement. The process variables were 

configured. Dv10 (droplet diameter below which 10% of the sample volume is detected) 

and Dv90 (droplet diameter below which 90% of the sample volume is detected) were 

selected. 

Droplet size distributions for different frequencies with and without use of a custom 

made housing structure (for more detail, see chapter 5) were obtained for 4 min 

approximately and the average was calculated with the RTSizer software. The results 

were exported in text files and, then, read and compared with a code in MATLABTM. 

3.3.3 DROPLET SIZE DISTRIBUTION AT DIFFERENT LENGTHS FROM 

THE ATOMIZER 

The droplets to be measured in this experiment were produced by a 1.7MHz ultrasonic 

transducer (see datasheet in appendix A).  

Firstly, the atomizer was located 50 cm away from the laser difractometer. Atomization 

rates of 0.20 and 0.40 g/min and air flow rates of 30 and 60 L/min with and without the 

heater being on. Temperature, humidity, droplet size distribution were recorded for 15 

minutes for every setting. Afterwards, the distance between atomizer and laser 

difractometer was changed to 40, 30 and 20 cm. 
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3.3.4 EVAPORATION DISTANCE 

The fan was set to provide 60 L/min of air. This flow was directed underneath the 

atomizer and surrounding it taking the droplets generated. For every frequency, the 

transducers were exited to atomize 0.2 mL/min of water. The air with the droplets was 

directed into the tube so relative humidity and temperature were measured every 20 

seconds. 

The system was run with air for 5 minutes to obtain the initial conditions. Then, the 

atomizer was excited for another 5 minutes to provide the water droplets. This 

experiment was performed for frequencies of 1.5, 1.7, 2.1, 2.6 and 3.0 MHz.  

 

 

Figure 3-22: Water droplets flowing into the tube. Relative humidity and 
temperature were measured to determine the water vapour content. Element 1- 
Housing structure with atomizer. 2- Fan. 3- Humidity and Temperature sensors. 

The data was processed with MATLABTM (appendix C) to determine the content of 

water in vapour and in liquid state at different locations of the tube.  



 

 

 

41 

 

CHAPTER 4: EXPERIMENTAL RESULTS 

4.1 INTRODUCTION 

Four sets of experiments were performed and their results will be presented in this 

chapter. The results are presented in the same sequence as the objectives given in 

section 3.1. 

The experiments were to determine: 

1. The atomization rate of ultrasonic transducers 

2. The droplet size distribution generated by ultrasonic transducers 

3. The droplet size distribution at different distances from the atomizer 

4. The length of tube and heat required to reach the fully evaporation of the 

droplets produced by the atomizer 

4.2 ATOMIZATION RATE 

The atomization rate is influenced by different parameters which are considered as 

follow.  

4.2.1 POWER CONSUMPTION 

The shape of the excitation wave (sinusoidal or square) suffers a distortion when it is 

applied to the transducer due to the impendance mismatch (low transducer’s 

impedance). Hence, the RMS values at different peak-to-peak voltages for different 

transducers had to be calculated for every transducer. 
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Figures 4-1 and 4-2 show the distortion of voltage and current respectively of a 1.5 

MHz ultrasonic transducer when a square shape excitation is applied.  

  
Figure 4-1: Voltage on the terminals of a 1.5 MHz transducer when a square wave 

is applied. 

 
Figure 4-2: Current on a 1.5 MHz transducer when a square wave is applied. 

The above two figures are samples of the data. The distortion of square and sine waves 

on transducers of 1.7, 2.1, 2.6 and 3.0 MHz are in appendix D.1 
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The resonant frequencies experimentally found for the transducers were different to the 

values reported by their manufacturer (datasheets in appendixes A.1 and A.2). 

The RMS values were calculated for the square and sine shapes with MATLABTM. The 

transducers of 1.5, 1.7, 2.1 and 2.6 MHz were excited with signals of 100, 120, 140 and 

160 Vp-p and the transducer of 3.0 MHz with signals of 80, 100 and 120 Vp-p since it 

was no possible to get a good amplification at this frequency. 

Table 4-1 shows the values obtained for 1.5, 1.7, 2.1, 2.6 and 3.0 MHz transducers in 

response to different excitation signals. 

Table 4-1: RMS values when a given voltage peak to peak is applied to transducer 
of different frequencies. 

Excitation signal 

1.50 MHz 
(reported 

1.40 ± 0.05 
MHz) 

1.74 MHz 
(reported 

1.65 ± 0.05 
MHz) 

2.10 MHz 
(reported 

2.00 ± 0.05 
MHz) 

2.60 MHz 
(reported 

2.50 ± 0.05 
MHz) 

3.0 MHz 
(reported 

3.00 ± 0.05 
MHz) 

80 Vp-p square wave * * * * Vrms= 26.7347  
Irms= 0.3182  

100 Vp-p square wave 
Vrms= 33.6544 
Irms= 0.2774  

Vrms= 31.0579  
Irms= 0.2570  

Vrms= 35.7838  
Irms= 0.0086 

Vrms= 32.3953  
Irms= 0.0135  

Vrms= 31.0921  
Irms= 0.3752  

120 Vp-p square wave 
Vrms= 41.8844  
Irms= 0.3168 

Vrms= 36.1089  
Irms= 0.2516  

Vrms= 42.5269 
Irms= 0.0106  

Vrms= 39.8392  
Irms= 0.0140  

Vrms= 36.7988  
Irms= 0.4551  

140 Vp-p square wave 
Vrms= 47.4767  
Irms= 0.3398  

Vrms= 34.6727  
Irms= 0.3065  

Vrms= 49.5397  
Irms= 0.0126  

Vrms= 46.1055  
Irms= 0.0155  * 

160 Vp-p square wave 
Vrms= 58.4596  
Irms= 0.3603  

Vrms= 46.9981  
Irms= 0.3315  

Vrms= 60.8540  
Irms= 0.0173  

Vrms= 50.0768  
Irms= 0.0183  * 

80 Vp-p sine wave * * * * Vrms= 27.8946  
Irms= 0.1519  

100 Vp-p sine wave 
Vrms= 34.2200  
Irms= 0.0857  

Vrms= 30.5000  
Irms= 0.1029  

Vrms= 33.1472  
Irms= 0.0068  

Vrms= 34.3199  
Irms= 0.0092  

Vrms= 33.8772  
Irms= 0.2184  

120 Vp-p sine wave 
Vrms= 40.9706  
Irms= 0.0999  

Vrms= 32.4019  
Irms= 0.1278  

Vrms= 41.3319 
Irms= 0.0089  

Vrms= 41.5762  
Irms= 0.0101  

Vrms= 40.3199  
Irms= 0.2902  

140 Vp-p sine wave 
Vrms= 50.0167  
Irms= 0.1126  

Vrms= 44.7699  
Irms= 0.1521  

Vrms= 48.2117  
Irms= 0.0103  

Vrms= 49.8204  
Irms= 0.0115  * 

160 Vp-p sine wave 
Vrms= 56.2423  
Irms= 0.1528  

Vrms= 46.6084  
Irms= 0.2222  

Vrms= 56.8789  
Irms= 0.0121  

Vrms= 57.3641  
Irms= 0.0143 * 
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4.2.2 EFFECT OF EXCITATION 

The ultrasonic transducers were excited with square and sine pulses at the resonant 

frequency of the transducers. These pulses were applied either continuously or in bursts 

of certain amount of pulses. These bursts were sent at a specific frequency as to excite 

the transducer for a fraction of time. Duty cycle is defined as the time in which the 

transducer is being excited with the burst divided the period at which the bursts are sent. 

In this section, the atomization rate versus power consumption is presented for the 

analysis of the effect of bursts with different number of pulses, different frequencies, 

and with different shapes. 

Effect of number of pulses per burst 

The experiments were done with the 1.7 MHz transducer at different duty cycles. Bursts 

of 5000, 10000 and 20000 pulses were used for the comparison. 

For bursts of 5000 pulses, these were sent every 11.56 ms to excite the transducer for 

25% of the time, every 5.78 ms for a duty cycle of 50% and 3.85 ms for a duty cycle of 

75%. For bursts of 10000 pulses, these were sent every 23.12, 11.56 and 7.71 ms for 

duty cycles of 25%, 50% and 75% respectively. Likewise, for bursts of 20000 pulses, 

these were sent every 46.30, 23.12 and 15.42 ms for duty cycles of 25%, 50% and 75%. 
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Figure 4-3: Atomization rate of an ultrasonic transducer excited 25% of the time. 

Bars indicate standard deviation. 

 
Figure 4-4: Atomization rate of an ultrasonic transducer excited 50% of the time. 

Bars indicate standard deviation. 
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Figure 4-5: Atomization rate of an ultrasonic transducer excited 75% of the time. 

Bars indicate standard deviation. 

From figures 4-3, 4-4 and 4-5, the transducer’s performance seems to be similar for 

different number of pulses per burst of pulses of equal pulse shape (square or sine). 

Effect of duty cycle 

The experiments were performed with transducers of frequencies of 1.5, 1.7, 2.1, 2.6 

and 3.0 MHz. They were excited with bursts of 20000 pulses sent at different rates to 

create duty cycles of 25, 50 and 75% for every frequency. Table 4-2 shows the 

frequency at which the bursts of 20000 pulses were sent in order to create different duty 

cycles. 
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Table 4-2: Burst frequency for different duty cycles (bursts of 20000 pulses). 
Transducer’s 

Frequency 25 % Duty Cycle 50% Duty Cycle 75% Duty Cycle 

1.5 MHz 18.87 Hz (bursts freq) 37.75 Hz (bursts freq) 56.62 Hz (bursts freq) 

1.7 MHz 21.60 Hz (bursts freq) 43.25 Hz (bursts freq) 64.87 Hz (bursts freq) 

2.1 MHz 26.25 Hz (bursts freq) 52.50 Hz (bursts freq) 78.75 Hz (bursts freq) 

2.6 MHz 32.50 Hz (bursts freq) 65.00 Hz (bursts freq) 97.50 Hz (bursts freq) 

3.0 MHz 37.50 Hz (bursts freq) 75.00 Hz (bursts freq) 112.50 Hz (bursts freq) 

 

 
Figure 4-6: Atomization rate versus power consumption of a 1.5 MHz transducer 

excited at different duty cycles. Bars indicate standard deviation. 

The above figure was a sample of the data. Figures that show the atomization rate 

versus power consumption at different duty cycles for frequencies of 1.7, 2.1, 2.6 and 
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3.0 MHz are in appendix D.2. They all show clearly that the higher the duty cycle, the 

better the performance (steeper relationship) for all the frequencies. 

Effect of wave-shape 

The transducers were excited with square and sine pulses for comparison. The 

transducers were of 1.5, 1.7, 2.1, 2.6 and 3.0 MHz and were excited with duty cycles of 

25, 50, 75 and 100%. The bursts had 20000 pulses for all the transducers except that the 

1.7 MHz was also excited with bursts of 5000 and 10000 pulses. 

 
Figure 4-7: Atomization rate versus power consumption for a 1.5 MHz transducer 

excited with sine (green) and square (blue) pulses at four duty cycles. 

Figures that show the atomization rate versus power consumption for different duty 

cycles for frequencies of 1.7, 2.1, 2.6 and 3.0 MHz are presented in appendix D.3. It is 

noticeable that the transducers were more effective at atomizing water (steeper lines) 

when they were excited with sine pulses than with square pulses. 
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4.3 HEATING DURING ATOMIZATION 

The temperature of the water 1 cm above the ultrasonic transducer during the 

atomization was measured and is shown in this section.  

The effect of the number of pulses per burst, duty cycle and shape of the pulses on the 

temperature of the transducer was analyzed from the following graphs. 

4.3.1 EFFECT OF NUMBER OF PULSES 

The 1.7 MHz transducer was excited with bursts of 5000, 10000 and 20000 pulses of 

square and sine shape. The results were grouped for 25, 50, 75 and 100% duty cycles. 

 
Figure 4-8: Temperature versus power consumption of an ultrasonic transducer 

excited with a duty cycle of 25%. Bars indicate standard deviation. 
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Figure 4-9: Temperature versus power consumption of an ultrasonic transducer 

excited with a duty cycle of 50%. Bars indicate standard deviation. 

 
Figure 4-10: Temperature versus power consumption of an ultrasonic transducer 

excited with a duty cycle of 75%. Bars indicate standard deviation. 

It is not possible to say which number of pulses per burst generates more heat in 

ultrasonic transducers as shown in figures 4-8, 4-9 and 4-10.  
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4.3.2 EFFECT OF DUTY CYCLE 

The experiments were carried out with transducers of 1.5, 1.7, 2.1, 2.6 and 3.0 MHz. 

They were excited with bursts of 20000 pulses at the frequencies shown in table 4-2. 

 
Figure 4-11: Temperature of a 1.5 MHz transducer when it was excited with sine 

(green) and square (blue) pulses at different powers and duty cycles. 

 

Figures that show the temperature versus power consumption at different duty cycles 

for transducers of 1.7, 2.1, 2.6 and 3.0 MHz are presented in appendix D.4. 

As the duty cycle increases, so does the heat generated on the transducers of different 

frequencies. 
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4.3.3 EFFECT OF WAVE-SHAPE 

In this section, the heating of ultrasonic transducers when they are excited with square 
and sine pulses at different settings is shown. 

 

Figure 4-12: Temperature versus power consumption of a 1.5 MHz transducer. 
Bars indicate standard deviation. 

Figures that show temperature versus power consumption for transducers of 1.7, 2.1, 2.6 

and 3.0 MHz are in appendix D.5. Although the transducers consumed less power when 

they were excited with sine pulses, they generated as much heat as when they were 

excited with square pulses. 
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4.4 OBTAINING DROPLET SIZE DISTRIBUTION 

4.4.1 PHOTOGRAPHIC METHOD 

With the photographic method, the measurement of the size of the droplets generated 

with a transducer of 1.7 MHz was attempted. Figure 4-13 shows the percentage in 

volume for the different diameters of droplets generated in the spray. 

 
Figure 4-13: Droplet size distribution for a 1.7 MHz transducer (photographic 

method) 

There were no consistent measurements. Droplets moving in different planes to the 

focal plane also appeared on the image and their sizes were affected. It was not possible 

to distinguish these droplets from the ones on the focal plane. 
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4.4.2 IMPACT METHOD 

The following figures show the result of the droplet size distribution measurement of 

transducers of 1.70 and 2.78 MHz. The measurement was done with an impact 

technique using magnifications of 400X and 1000X. 

 
Figure 4-14: Droplet size distribution for a 1.7 MHz transducer (impact method, 

699 droplets measured using 400X lens) 
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Figure 4-15: Droplet size distribution for a 2.78 MHz transducer (impact method, 

279 droplets measured using 400X lens) 

This method presented the same problems as the photographic method (droplets of 

different planes appearing in the images and complicating the processing of the images) 

and the results were not consistent. 

4.4.3 OPTICAL METHOD 

Droplet size distributions for different configurations were obtained using a Malvern 

Spraytec Laser Difractometer. The effect of the frequency, shape, number of pulses per 

bursts and duty cycle on the droplet size distribution was found. 
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Effect of frequency 

 
Figure 4-16: Droplets size distribution of transducers of different frequencies 

excited with sine pulses. 

 

Figure 4-17: Droplets size distribution of transducers of different frequencies 
excited with square pulses. 
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Table 4-3: Sauter mean diameter of transducers of different frequencies excited 
with sine and square pulses 

Frequency [MHz] 
Lang’s predicted 
Diameter [µm] 

Sauter Mean 
Diameter [µm] (sine 

shape) 

Sauter Mean 
Diameter [µm] 
(square shape) 

1.5 3.17 3.18 5.61 

1.7 2.92 6.50 6.50 

2.1 2.54 6.34 6.15 

2.6 2.20 5.28 5.19 

3.0 2.00 3.34 4.42 

 

Figures 4-16 and 4-17 show a similar droplet size distribution for transducers of 

different frequencies. From Table 4-3 it is not possible to make a statement of the 

dependency of the Sauter mean diameter on the frequency of the transducer and the 

shape of the excitation signal. At the same frequency, the Sauter mean diameter of the 

droplets generated by a transducer excited with square or sine-shaped signals are 

similar. 
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Effect of shape  

Figure 4-18 shows the droplet size distribution for ultrasonic transducers of 1.5, 1.7, 2.1, 
2.6 and 3.0 MHz continuously excited with square and sine waves. 

 

Figure 4-18: Droplet size distribution for ultrasonic transducers of different 
frequencies continuously excited with square (green) and sine (blue) waves. 

As seen in figure 4-18, the shape seems to have no effect on the droplet size distribution 

of the generated droplets. 
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Effect of the power 

The 1.7 MHz transducer was continuously excited with square and sine waves of 100, 

120, 140 and 160 Vp-p to analyze the change on the droplet size distribution of the spray 

generated with the power. 

 
Figure 4-19: Droplet size distribution of a 1.7 MHz transducer continuously 

excited with a square wave. 

 
Figure 4-20: Droplet size distribution of a 1.7 MHz transducer continuously 

excited with a sine wave. 
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Table 4-4: Effect of the power on the Sauter mean diameter. 

Characteristic Power [W] Sauter Mean Diameter [µm] 

1.7 MHz square shape 3.94 6.50 

1.7 MHz square shape 4.14 7.11 

1.7 MHz square shape 6.18 6.76 

1.7 MHz square shape 10.35 6.33 

1.7 MHz sine shape 7.98 6.50 

1.7 MHz sine shape 9.08 7.43 

1.7 MHz sine shape 11.71 6.88 

1.7 MHz sine shape 15.57 7.55 

Although the power had a direct relationship with the atomization rate (as shown in 

section 4.2), it did not affect the droplet size distribution as shown in Figures 4-19, 4-20 

and Table 4-4. 
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Effect of the duty cycle  

The 1.7 MHz transducer was excited with different duty cycles and the droplet size 

distribution was recorded. The bursts had 5000, 10000, and 20000 sine and square 

pulses. 

Figure 4-21 shows the percentage in volume at different sizes for duty cycles of 25, 50 

and 75% when the transducer is excited with bursts of 5000 sine-shaped pulses. 

 
Figure 4-21: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of 5000 sine-shaped pulses. 

The graphs in appendix D.6 show the same relation when the transducer is excited with 

bursts of 5000 square-shaped pulses, 10000 sine-shaped pulses, 10000 square-shaped 

pulses, 20000 sine-shaped pulses and 20000 square-shaped pulses. The do not show any 

dependency between the droplet size distribution and the number of pulses. Table 4-5 
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give the Sauter mean diameter calculated from the droplet size distributions of the 

sprays generated with the 1.7 MHz transducer under different number and shape of 

pulses. 

Table 4-5: Sauter mean diameter of a spray produced by a 1.7 MHz trasnducer 

Burst 25% DC 50% DC 75% DC 

5000 sine pulses 8.43 µm 6.52 µm 6.84 µm 

10000 sine pulses 7.95 µm 6.89 µm 6.95 µm 

20000 sine pulses 7.16 µm 7.56 µm 6.39 µm 

5000 square pulses 8.39 µm 7.09 µm 6.74 µm 

10000 square pulses 7.82 µm 7.62 µm 6.46 µm 

20000 square pulses 7.56 µm 7.22 µm 6.13 µm 

There is no a visible trend of the Sauter mean diameters with the change of duty cycle. 
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Effect of the number of pulses per burst 

The 1.7 MHz transducer was excited with bursts to analyze how the droplet size 

distribution of the spray produced changes with the number of pulses per burst. The 

experiments were performed with different duty cycles. 

 
Figure 4-22: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of sine pulses. The duty cycle was 25%. 

Figures that show the same relationship for duty cycles of 25, 50 and 75% duty cycle 

and square and sine pulses are in appendix D.7. Table 4-6 gives the Sauter mean 

diameter calculated for the different droplet size distributions. 

 

 



 

 

 

64 

 

Table 4-6: Sauter mean diameter of a spray produced by a 1.7 MHz trasnducer 

Burst 5000 pulses 10000 pulses 20000 pulses 

Sine pulses 25% DC 8.43 µm 7.95 µm 7.16 µm 

Sine pulses 50% DC 6.52 µm 6.89 µm 7.56 µm 

Sine pulses 75% DC 6.84 µm 6.95 µm 6.39 µm 

Square pulses 25% DC 8.39 µm 7.82 µm 7.56 µm 

Square pulses 50% DC 7.09 µm 7.62 µm 7.22 µm 

Square pulses 75% DC 6.74 µm 6.46 µm 6.13 µm 

Neither the droplet size distribution nor the Sauter mean diameter seem to be affected 

by the duty cycle or shape of the pulses. 

4.5 DROPLET SIZE DISTRIBUTION AT DIFFERENT LENGTHS 

FROM THE ATOMIZER 

The spray of droplets reaching the laser difractometer was not dense enough to calculate 

a droplet size distribution. For this reason, higher atomization rates were tried. Yet this 

was also unsuccessful. 

There was no visible change in droplet size distribution with distance from transducer 

and with changes in the amount of heating supplied. 

It is theorised that full saturation is achieved within a few centimetres of the transducer. 

For this reason, there was no significant change in the droplet size distribution. 



 

 

 

65 

 

4.6 FINDING EVAPORATION DISTANCE 

Table 4-7 show the content of water in the tube in which air with water droplets flow. 

Absolute humidity (water content in vapour state) is calculated from the readings of 

relative humidity and temperature inside the tube at different locations. 

Table 4-7: Water content in air that carries water droplets and flows inside a tube. 
LOCATION 1.5 MHz 1.7 MHz 2.1 MHz 2.6 MHz 3.0 MHz 

Initial water content in 
the input air 
 
Water added by 
atomization 

13.9 mg/L 
 

3.3 mg/L 

14.1 mg/L 
 

3.3 mg/L 

14.8 mg/L 
 

3.3 mg/L 

15.9 mg/L 
 

3.3 mg/L 

13.6 mg/L 
 

3.3 mg/L 

Water vapour - above 
the transducer 
 
Water liquid - above 
the transducer 

17.1 mg/L 
(99.25 %) 

 
0.1 mg/L 
(0.75 %) 

14.3 mg/L 
(82.44 %) 

 
3.1 mg/L 
(17.56 %) 

18.1 mg/L 
(99.96 %) 

 
0.0 mg/L 
(0.04 %) 

19.2 mg/L 
(99.93 %) 

 
0.0 mg/L 
(0.07 %) 

15.9 mg/L 
(94.04 %) 

 
1.0 mg/L 
(5.96 %) 

Water vapour - 4 cm 
from the transducer 
 
Water liquid - 4 cm 
from the transducer 

17.2 mg/L 
(99.95 %) 

 
0.0 mg/L 
(0.05 %) 

14.6 mg/L 
(83.85 %) 

 
2.8 mg/L 
(16.15 %) 

17.3 mg/L 
(95.53 %) 

 
0.8 mg/L 
(4.47 %) 

18.3 mg/L 
(95.01 %) 

 
0.9 mg/L 
(4.99 %) 

16.6 mg/L 
(97.77 %) 

 
0.0 mg/L 
(2.23 %) 

Water vapour - 8 cm 
from the transducer 
 
Water liquid - 8 cm 
from the transducer 

16.6 mg/L 
(96.45 %) 

 
0.6 mg/L 
(3.55 %) 

14.5 mg/L 
(83.34 %) 

 
2.9 mg/L 
(16.66 %) 

18.0 mg/L 
(99.55 %) 

 
0.1 mg/L 
(0.45 %) 

18.4 mg/L 
(95.57 %) 

 
0.8 mg/L 
(4.43 %) 

16.4 mg/L 
(97.08 %) 

 
0.2 mg/L 
(2.92 %) 

Water vapour - 16 cm 
from the transducer 
 
Water liquid - 16 cm 
from the transducer 

16.5 mg/L 
(95.64 %) 

 
0.7 mg/L 
(4.36 %) 

14.2 mg/L 
(81.68 %) 

 
3.2 mg/L 
(18.32 %) 

17.2 mg/L 
(94.89 %) 

 
0.9 mg/L 
(5.11 %) 

17.8 mg/L 
(92.60 %) 

 
1.4 mg/L 
(7.40 %) 

16.5 mg/L 
(97.35 %) 

 
0.1 mg/L 
(2.65 %) 

Water vapour - 32 cm 
from the transducer 
 
Water liquid - 32 cm 
from the transducer 

16.7 mg/L 
(96.85 %) 

 
0.5 mg/L 
(3.15 %) 

14.4 mg/L 
(82.66 %) 

 
3.0 mg/L 
(17.34 %) 

17.7 mg/L 
(97.91 %) 

 
0.4 mg/L 
(2.09 %) 

18.5 mg/L 
(96.00 %) 

 
0.7 mg/L 
(4.00 %) 

16.6 mg/L 
(98.15 %) 

 
0.0 mg/L 
(1.85 %) 

Water vapour - 50 cm 
from the transducer 
 
Water liquid - 50 cm 
from the transducer 

16.6 mg/L 
(95.97 %) 

 
0.6 mg/L 
(4.03 %) 

14.4 mg/L 
(82.43 %) 

 
3.0 mg/L 
(17.57 %) 

17.9 mg/L 
(98.94 %) 

 
0.2 mg/L 
(1.06 %) 

18.5 mg/L 
(96.04 %) 

 
0.7 mg/L 
(3.95 %) 

16.6 mg/L 
(97.87 %) 

 
0.0 mg/L 
(2.13 %) 
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It can be seen that for every transducer (without considering the one of 1.7 MHz), there 
was a quick evaporation of the droplets recorded just above the transducer. The 
percentages of water content in vapour and liquid stay slightly constant along the tube. 

No complete evaporation was seen in the 50 cm of length of the tube under these 
conditions. However, it is important to mention that the accuracy of the thermocouples 
used in this experiment is +/-1.5% and for the humidity sensors, +/-3.5%. 

A mathematical model will be presented in section 5.3 to simulate this experiment with 
air at different temperatures (25, 50 and 100˚C).  
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CHAPTER 5: IMPROVEMENT OF HUMIDIFICATION 

5.1 INTRODUCTION 

There were some difficulties with the atomization of water using planar US transducers 

for this application: This is due to the fact that: 

- The droplets were not mixed in the air 

-  A few big droplets were formed during the atomization 

These problems were assessed by designing a housing structure to have a narrow 

droplet size distribution (explained in 5.2) and the length required for full evaporation to 

occur (5.3). 

5.2 NARROWING THE DROPLET SIZE DISTRIBUTION 

5.2.1 INTRODUCTION 

In this section, the design, mathematical evaluation and experimentation of a housing 

structure that keeps the big droplets (which do not move with the air flow) in the 

atomization chamber. The design allows these droplets to run on the walls back to the 

ultrasonic transducer. 
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Figure 5-1: One of the geometries designed (left) and simulated (right) in 

SolidWorksTM 

5.2.2 DESIGN OF GEOMETRIES 

All the geometries force the airflow to surround underneath the transducer to then pick 

up the droplets and leave the structure upwards. At the same time, any droplet that 

collides the wall, should fell down back to the transducer surface since the structures 

have smaller diameter than the transducers. 

The first geometry is open above the transducer and should give minimal obstruction for 

the big droplets to jump over the structure. The other two geometries have some 

structure that restricts the big droplets from exiting the chamber. 
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Figure 5-2: Mixer 1 which offers no opposition to the pass of big droplets. 

 

 
Figure 5-3: Mixer 2 has a planar disk in the centre. 

 

 
Figure 5-4: Mixer 3 has a conic structure in the centre. 
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5.2.3 MATHEMATICAL EVALUATION OF THE GEOMETRIES 

The flow inside the mixers has been simulated. The air inlet was set in the low part of 

the structure and flows upwards inside a 22-mm tube until it reaches another cavity 

which is cylindrical with a 43.8mm diameter and the different mixers as roof. Inside this 

cavity, the ultrasonic transducer disk is located with a cylinder on top of it that acts as 

water reservoir. The air surrounding the transducer and water reservoir leaves the cavity 

through the mixer. 

A fan was selected to generate the air flow as in the experiments. It was an ideal device 

predefined as a brushless DC fan from the SolidWorksTM engineering database free of 

boundary conditions. The walls were set as ideal walls (adiabatic and frictionless) and 

the output as a pressure opening (static pressure for the outgoing flow). The global goals 

were pressure, temperature and velocity of the fluid.  
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Figure 5-5: Simulation of the air flow surrounding the transducer and water 

reservoir and leaving through mixer 1. 
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Figure 5-6: Simulation of the air flow surrounding the transducer and water 

reservoir and leaving through mixer 2. 
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Figure 5-7: Simulation of the air flow surrounding the transducer and water 

reservoir and leaving through mixer 3. 

In the three geometries the air enters at a relatively high speed (~8 m/s) and then slows 

down as it flows upwards surrounding the cylinder which represents the water reservoir. 

Then, as the cross-sectional area decreases, the velocity increases (flow rate is constant). 

At this point the mixing of water droplets and air may take place. 
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5.2.4 MIXER PERFORMANCE 

Since the last three geometries had similar performance in the simulation, only one of 

them (mixer 2) was fabricated using Fused Deposition Moulding (FDM) printing. The 

first geometry (mixer 1) was also printed for comparison purposes. The droplet size 

distribution of the spray generated by ultrasonic transducers at different frequencies has 

been affected as Figure 5-8. For more detail, see the figures that show the same 

comparison for all transducers in 2D in appendix E. 

 
Figure 5-8: Droplet size distribution of a spray generated by ultrasonic 

transducers using either mixer 1 (blue) or mixer 2 (green). 

It can be seen for all transducers that there is a higher concentration of the volume in 

droplets of small diameter for the mixer 2. 
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5.3 VAPORIZATION OF WATER DROPLETS 

5.3.1 INTRODUCTION 

Ideally, a humidifier has no water droplets at its output. All of the water content of the 

air supplied to the patient should be in vapour state. Assuming that the droplets 

generated from ultrasonic atomization are taken in the mixer by the air and carried away 

to the patient through a tube, these droplets should be evaporated in the connecting tube 

in a short distance without reaching the patient. 

In this section, a finite volume model is used to simulate the evaporation of water 

droplets in a tube is described. This model was used to evaluate the conditions required 

for the fully evaporation of the droplets in a relatively short distance. 

5-3-2 ASSUMPTIONS OF THE MODEL 

A gas phase containing H2O and Air ideal gas (ANSYS Library), and a homogeneous 

binary mixture for the phase change of water were assumed. The mass transfer equation 

[94] used for the evaporation of the droplets was: 

 
𝑑𝑚𝐶

𝑑𝑡
= 𝜋 𝑑𝑃 𝜌𝐹 𝐷𝐹 Sh 

𝑊𝐶

𝑊𝐺
 log �

1 −  𝑋∗

1 −  𝑋𝐺
� (5.1)  

where mc is the mass of water, ρF DF is the dynamic diffusivity of the mass fraction in 

the continuum, WC and WG are the molecular weights of the vapour and the mixture in 

the continuous phase, XG is the molar fraction in the gas phase, X* is the equilibrium 

mole fraction at the droplet surface and Sh is the Sherwood number given by the 

equation 5.2: 
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 Sh = 2 + 0.6 Re0.5  �
𝜇
𝜌 𝐷

�
1
3
 (5.2)  

where Re is the Reynolds number, 𝜇 the viscosity, 𝜌 the density and 𝐷 the diameter of 

the water droplet. 

The evaporation of the droplets was evaluated on a cylindrical tube. One of the sides 

had the water and air inputs. The output was on the other end. 

Raoult’s law was used for the interfacial equilibrium model. The resistance mass 

transfer on the droplet side was considered negligible. Hence Zero Resistance on the 

dispersed phase side and Ranz-Marshall on the continuous phase side[94]. 

5.3.3 GEOMETRY 

The geometric representation of the computational domain was set as a steady-state 

rotating domain. For this reason, only 1/8 of the cylinder was drawn in ANSYS Design 

Modeler. 

 
Figure 5-9: Geometry of a 1/8 section of the cylinder. 

Water and air inputs were “printed” on one of the faces and its counterpart was set as 

the output. The length of the cylinder was 16 cm. 
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5.3.4 MESHING 

An accurate solution depends on the quality of the mesh. For the geometry previously 

mentioned, a structured layer made of high-aspect-ratio elements (prisms and structured 

tetrahedral) were chosen in wall boundaries. The rest of the geometry used an 

unstructured grid (tetrahedral elements) which permited automation of the mesh 

generation procedure.  

The settings for the mesh were patch independent of 0.001, face sizing of 0.0001 and 

edge sizing of 30. The quality of the mesh was assessed using Skewness which is one 

parameter available within ANSYS® 12.1. Skewness is a measure of the relative 

distortion of an element compared to its ideal shape and is scaled from 0 (excellent) to 1 

(unacceptable). In the present work the Skewness was 0.3 which is within the 

acceptable range. 

 
Figure 5-10: Meshing of the geometry. 
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5.3.5 SET UP 

For the simulation, relevant parameters were set: 

- The gas mixture was set as non bouyant to neglect the natural convection of the 

gas and the model for the second component (H2Ol) was density difference. 

- Air inlet mass and momentum axial component along the axis of the tube was 

12.73 m/s (considering an air flow of 60 L/min passing through a circular 

section of 10 mm diameter).The water droplets are assumed to have the same 

velocity as the air 12.73 m/s. The static temperature of the water was 313 K. The 

droplets mass flow rate was 22.0x10-6 Kg/s (taking into consideration 1/8 of the 

structure). 

- The size distribution of the droplets was set using discrete diameter values and 

associated fractions of the droplet mass flow rate. The results of these 

experiments are shown in section 3.3.3. Uniform droplet size of 5 µm was also 

assumed for the simulations. 

- The wall of the cylinder was considered to have a heat transfer coefficient of 

0.036 W/(m2K) as example and the outside temperature was set to 300 K. 
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5.3.6 RESULTS 

Figures 5-11, 5-12 and 5-13 show the results for the simulation when all the droplets 

were assumed to be 5 µm diameter. The air initial temperature was 25, 50 and 100˚C 

respectively. 

 

Figure 5-11: Result of the simulation with initial droplets of 5 µm, water 
temperature of 50°C and air temperature of 25°C. 
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Figure 5-12: Result of the simulation with initial droplets of 5 µm, water 
temperature of 50°C and air temperature of 50°C. 
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Figure 5-13: Result of the simulation with initial droplets of 5 µm, water 
temperature of 50°C and air temperature of 100°C. 

It can be seen that there was a complete evaporation at ~5.5 cm from the input of water 

and air. The results were similar regardless of the temperature of the input air. 

Nevertheless, it is possible to see a faster evaporation as the air temperature increases. 

Figures 5-14, 5-15, 5-16, 5-17 and 5-18 show the results for the simulation when the 

initial droplet size distribution was equal to the one obtained from the atomization of 

water with transducers of 1.5, 1.7, 2.1, 2.6 and 3.0 MHz in section 4.4.3. 
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Figure 5-14: Result of the simulation with initial droplet size distribution 
characteristic of a 1.5 MHz transducer, water temperature of 50°C and air 

temperature of 25°C. 
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Figure 5-15: Result of the simulation with initial droplet size distribution 
characteristic of a 1.7 MHz transducer, water temperature of 50°C and air 

temperature of 25°C. 
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Figure 5-16: Result of the simulation with initial droplet size distribution 
characteristic of a 2.1 MHz transducer, water temperature of 50°C and air 

temperature of 25°C. 

 



 

 

 

85 

 

 

Figure 5-17: Result of the simulation with initial droplet size distribution 
characteristic of a 2.6 MHz transducer, water temperature of 50°C and air 

temperature of 25°C. 
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Figure 5-18: Result of the simulation with initial droplet size distribution 

characteristic of a 3.0 MHz transducer, water temperature of 50°C and air 
temperature of 25°C. 

Quick evaporation is seen when the initial droplet size distribution is like that generated 

by the ultrasonic transducers tested in section 4.4.3. These results suggest that the air 

does not need to be heated above the ambient temperature to achieve the full 

evaporation of the droplets before they reach the patient. 
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CHAPTER 6: DISCUSSION AND CONCLUSION 

6.1 INTRODUCTION 

This chapter will discuss the literature review presented in Chapter 2, the experimental 

results obtained in Chapter 4 and the theoretical simulations from chapter 5. 

Additionally, the conclusion of this thesis will be presented as well as recommendations 

for future work. 

6.2 ATOMIZATION PROCESS SELECTION 

The atomization principles have been classified into six categories in this thesis and 

discussed in section 2.2. They were centrifugal, pressure, two-fluid, electrostatic, 

ultrasonic and combinations  of these methods.  

Centrifugal atomizers have low energy consumption but the droplets are ejected from 

the atomizer at high speed and are likely to impinge on any close surface. This 

condition limits the miniaturization of such atomizers.  

Pressure atomizers can work in any orientation. The main drawback of this method is 

the possible clogging of the hole/nozzles. Nevertheless, this problem could be solved by 

using distilled water. 

Two-fluid atomizers require a compressed air source which would difficult to 

miniaturize. 

The Electrohydrodynamic atomizers reviewed in the literature survey were not able to 

atomize the quantity of water required for this application. Another weakness is the 

need of a high voltage for its operation. 
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Ultrasonic atomizers, as shown in table 2-1, have a good relation between atomization 

rate and power consumption. They are small sized and commercially available. 

6.3 PERFORMANCE OF ULTRASONIC ATOMIZERS 

In this thesis, an extended experimentation has been performed on flat ultrasonic 

transducers with five frequencies (1.5, 1.7, 2.1, 2.6 and 3.0 MHz).  

The transducers were excited with bursts of pulses of sine and square shape. These 

bursts were sent at different rates to cause different duty cycles 

Atomization rate was not affected by the number of pulses per burst. However, it visibly 

increased with increments of duty cycle. Sine pulses were more effective than square 

pulses in terms of power consumption. 

It was not possible to determine if the number of pulses per bursts had an effect or not 

on the heating of the transducer. The duty cycle did have an important effect as it was 

expected (considering that the higher the duty cycle, the higher the power consumption). 

Although these transducers consumed less power when they were excited with sine 

pulses, they generated as much heat as when excited with square pulses. 

Photographic and impact methods were attempted for the measurement of the droplet 

size distribution of the spray generated by the transducers. None of these methods gave 

consistent results due to the presence of droplets of different planes than the focal plane 

in the image. Different filters were used to eliminate these out of plane and have a clear 

image but these were unsuccessful. For the same reason, a Malvern Spraytec Laser 

Difractometer was used for the measurement of the droplet size distribution. The spray 

produced by ultrasonic transducers of different frequencies had similar droplet size 

distribution and the Sauter mean diameter did not follow Lang’s predictions (refer to 

section 4, Table 4-3, pg 56). Nevertheless, the Sauter mean diameters were all in the 

range of 3-7 µm. These values were similar for every transducer regardless of whether 
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they were excited with square or sine pulses. Hence, the characteristics of the transducer 

had more effect on the Sauter mean diameter than its frequency or the shape of the 

excitation pulses. Likewise, the droplet size distribution and Sauter mean diameter were 

not affected by the power delivered to the transducer but the atomization rate was 

affected as stated by Barreras et al. [46, 56]. Moreover, the droplet size distribution and 

Sauter mean diameter were not affected by the number of pulses per burst, duty cycle or 

the shape of the pulses. 

The complexity of the driving circuit increases as the frequency increases, and the 

performance of the transducers in terms of droplet size distribution, atomization rate, 

power consumption present slight changes. The use of transducers of 1.5 MHz is 

recommended for this application. This transducer’s excitation with sine pulses would 

require less power than with square pulses and they should be supplied in bursts in order 

to not overheat the transducer. The number of pulses per burst does not have visible 

effect on the performance and the frequency at which the bursts are sent should be the 

minimum that achieve the atomization rates desired. 

6.4 VAPORIZATION OF WATER DROPLETS 

Ideally, there should be no water droplets on the air supplied to the patient. Once they 

are added to the airflow, they should be fully evaporated before reaching the patient 

mask. 

In order to facilitate the evaporation of the droplets in a short tube distance, the big 

droplets produced by the ultrasonic transducer should be avoided. For this reason, a 

housing structure has been designed, mathematically modelled and experimentally 

tested. This structure maximized the mixing of the droplets with the air and kept the big 

droplets (which do not move with the air flow) in the atomization chamber. With this 

design, the big droplets hit the walls and fall back to the ultrasonic transducer. Its 

performance has been assessed by measuring the droplet size distribution of a water 
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spray passing and without passing through the structure. In the first case, there was a 

higher concentration of the volume in droplets of small diameter than when the spray 

had not pass by the structure. 

In order to determine the conditions required for the evaporation of the droplets, a 

mathematical model has been presented which was validated through experiments. 

Assuming 60 L/min of air at 25̊ C , and taking droplets of 5 µm diameter into a tube of 1 

cm diameter, the droplets evaporated in approximately 5 cm. The result was similar 

when the initial size distribution was the characteristic for transducers of 1.5, 1.7, 2.1, 

2.6 and 3.0 MHz. Hence a heater would not be necessary to achieve the fully 

evaporation of the water droplets before the air reaches the patient. 

6.5 GENERAL OBSERVATIONS 

There is a high risk of upper airway infection when a CPAP machine is used (with or 

without humidifier). Pre-treated water is recommended when an atomizer is used to 

humidify the air. The use of hydrophobic filters between the humidifier and mask is the 

only method that would stop any microorganism and minerals dispersed by an atomizer 

from passing to the patient. Hygroscopic filters would also retain water and help to 

increase the pressure drop. 

The container for the water storage also does not need to be rigid. Since this humidifier 

is aimed to be used in portable devices, a flexible container such as a sachet would be 

more suitable. A sachet has a small volume when it is empty and, when full, it could be 

put on the wall at a higher position than the atomizer. An electronically controlled valve 

can regulate the flow of water to the atomization chamber. 
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6.6 CONCLUSIONS 

The purpose of this thesis was to develop a novel humidifier by selecting an appropriate 

atomizer, characterizing it through experimentation, designing a structure to adapt its 

output, analyzing the evaporation of the droplets generated and defining global 

characteristics of the whole system. This thesis has met these objectives. The findings of 

this thesis suggest that: 

a)  Pressure and Ultrasonic atomization are the more suitable methods for this 

application. Pressure atomizers have a narrow droplet size distribution and are 

not position sensitive. However, ultrasonic atomizers showed the best relation 

between atomization rate and power consumption. 

b) Ultrasonic transducers of 5 frequencies have been tested under pulsed excitation 

with different burst frequencies (duty cycles) and wave-shapes. The results show 

that the performance is higher with sine pulses and the number of pulses per 

burst does not have a visible effect on the atomization rate nor the droplet size 

distribution. Contrarily, the duty cycle did have a proportional relationship with 

the atomization rate and the temperature of the transducers raised as the duty 

cycle increased. Regarding the frequency of the transducer, the droplet size 

distribution did not have a significant change with the frequency in the range of 

1.5 to 3.0 MHz and, considering that the complexity of the driving circuit 

increases with the frequency, 1.5 MHz is recommended for this application. 

c) A structure was designed, mathematically modelled and experimentally tested to 

prevent large water droplets from entering the air stream to the patient and 

maximize the mixing of the droplets in the airflow. 

d) The evaporation of water droplets moving with the airflow in a 10 mm diameter 

tube was theoretically and experimentally analyzed. Fully evaporation was 

reached in approximately 5 cm and the heating of the air would not be necessary 

for the fully evaporation. 
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e) Hydrophobic filters are recommended to reduce the risk of contamination of the 

air by any particle or microorganism. The maximum filter size should be at most 

as 0.02 µm that could deposit in the airways without retaining water as 

hygroscopic filters.  

f) The use of a flexible water container would be optimum for portable devices due 

to its small volume when is not being used. 

g) A humidifier based in an ultrasonic atomizer such as the one explained in this 

thesis would be significantly smaller and power efficient than current heating-

type humidifiers used in CPAP systems. 

 

6.7 FUTURE WORK 

In order to complete the development of this humidifier, work needs to be done in the 

design and implementation of the driving and control circuit. Since these ultrasonic 

atomizers can be overheated if they run without water on top of them, a proper water 

level detector must form part of the control system. In addition to this, pressure 

atomizers should be also considered for a possible replacement of the ultrasonic 

transducer since they can be operated in any position (not only horizontal). This is a 

desirable characteristic in portable equipment. 
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APPENDIX A 

APPENDIX A.1 

Datasheet of ultrasonic transducer of 1.65 MHz 
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APPENDIX A.2 

Datasheet of ultrasonic transducers of 1.4, 2.0, 2.5 and 3.0 MHz. 
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APPENDIX B 

MATLABTM code for the subtraction of images and conversion to binary values in the 
calculation of droplet diameters in photographic and impact methods 
 
clear 
clc 
close all 
  
%%%Loading images 
A= imread('D:\P_01_AUT\Projects (not complete)\Droplet Size 
Measurement\2010-01-25 TEMP24.5 HUM64\165mhz 400x 10.tif'); 
B= imread('D:\P_01_AUT\Projects (not complete)\Droplet Size 
Measurement\2010-01-25 TEMP24.5 HUM64\Background 400x.tif'); 
  
D= A-B; 
  
figure(1), imshow(A), title('Background'); 
figure(2), imshow(B), title('Image with droplets'); 
figure(3), imshow(D), title('Droplets without background'); 
  
%%%%%%%% 
Threshold= 10; 
[rows,columns,deep]= size(D) 
for i= 2:rows-2; 
    for j= 2:columns-2; 
        if D(i,j)>Threshold && D(i,j+1)>Threshold; 
            D(i,j)= D(i,j); 
        else 
            D(i,j)= 0; 
        end 
    end 
end 
%%%%%%%%% 
  
bw= im2bw(D,0.24);%graythresh(D)); 
figure(4), imshow(bw), title('Droplets in white'); 
L= bwlabel(bw); 
  
stats= regionprops(L); 
j= 1; 
for i= 1 : length(stats) 
    if stats(i).Area > 1 
        Areas(j)= stats(i).Area; 
        j= j+1; 
    end 
end 
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figure(5), hist(Areas,70) 
xlabel('Droplet Areas (pixel)') 
ylabel('Number of droplets'); 
  
Diameters= 2*sqrt(Areas/pi);%D32 (Sauter Mean Diameter) cannot be 
calculated since there is no information of the volume 
%%%Scaling 
Readings=[44 101 158 216 273 330 388 446 504 562 620 678 736 794 852 
909 968 1026 1085 1143 1201 1259 1317]; 
for i= 1 : length(Readings)-1 
    q(i)= Readings(i+1)-Readings(i); 
end 
Pixels_in_10_um= sum(q)/22;%the scale had divisions every 10[um] 
One_pixel= 10/Pixels_in_10_um;%in [um] 
Diameters_in_um= Diameters*One_pixel; 
figure(6), hist(Diameters_in_um,70) 
xlabel('Droplet Diameter (um)') 
ylabel('Number of droplets'); 
  
%%%Relating diameter and percentage in volume of every droplet 
for i= 1 : length(Diameters_in_um); 
    Volumes(i)= 4/3*pi*(Diameters_in_um(i)/2)^3; 
end 
Total_volume= sum(Volumes); 
[n,xout]= hist(Diameters_in_um,70); 
for i= 1: length(n) 
    Percentage_in_volume(i)= 
n(i)*4/3*pi*(xout(i)/2)^3/Total_volume*100;%quantity of droplets * 
volume of the droplets 
end 
figure(7), bar(xout,Percentage_in_volume) 
xlabel('Droplet Diameter (um)') 
ylabel('Percentage in volume'); 
 
 
 

 

 



 

 

 

98 

 

APPENDIX C 

MATLABTM code for the calculation of water content in liquid and vapour state at 
different distances from the atomizer 
 
clear; 
close all; 
valuesi= xlsread('1M5Hz.csv', 'c28:ag42'); 
valuesf= xlsread('1M5Hz.csv', 'c43:ag57'); 
%Outside the tube 
Tai= mean(valuesi(:,29));  Ta= mean(valuesf(:,29));  %Ambient Temp [C] 
RHai= mean(valuesi(:,31)); RHa= mean(valuesf(:,31)); %Ambient Rel Hum 
%Above the transducer 
T0i= mean(valuesi(:,1));   T0= mean(valuesf(:,1)); 
RH0i= mean(valuesi(:,3));  RH0= mean(valuesf(:,3)); 
% @ 2cm 
T1i= mean(valuesi(:,5));   T1= mean(valuesf(:,5)); 
RH1i= mean(valuesi(:,7));  RH1= mean(valuesf(:,7)); 
% @ 4cm 
T2i= mean(valuesi(:,9));   T2= mean(valuesf(:,9)); 
RH2i= mean(valuesi(:,11)); RH2= mean(valuesf(:,11)); 
% @ 8cm 
T3i= mean(valuesi(:,13));  T3= mean(valuesf(:,13)); 
RH3i= mean(valuesi(:,15)); RH3= mean(valuesf(:,15)); 
% @ 16cm 
T4i= mean(valuesi(:,17));  T4= mean(valuesf(:,17)); 
RH4i= mean(valuesi(:,19)); RH4= mean(valuesf(:,19)); 
% @ 32cm 
T5i= mean(valuesi(:,21));  T5= mean(valuesf(:,21)); 
RH5i= mean(valuesi(:,23)); RH5= mean(valuesf(:,23)); 
% @ 50cm 
T6i= mean(valuesi(:,25));  T6= mean(valuesf(:,25)); 
RH6i= mean(valuesi(:,27)); RH6= mean(valuesf(:,27)); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Atmospheric conditions %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Psa= 610.78*exp(Ta/(Ta+238.3)*17.2694); %Ambient water vapor 
saturation pressure [Pa] 
  
%RH= P/Ps *100 
Pa= RHa/100*Psa;    %Water vapor pressure [Pa] 
  
Pa= Pa/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
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%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AHa= Pa*1*18/(.082*(Ta+273));  %Absolutive Humidity [g/L] 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @ 0cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Atomization_rate= 0.2;  %g/min 
Flow_rate= 60;  %in liters per minute 
Time_of_exp= 5;    %[min] 
  
Water_added= Atomization_rate*Time_of_exp;  %[g] 
Vol_of_air= Flow_rate*Time_of_exp; 
  
Water_added_per_L= Water_added/Vol_of_air; %[g/L] 
  
Ps0= 610.78*exp(T0/(T0+238.3)*17.2694); %Water vapor sat pressure [Pa] 
  
%RH= P/Ps *100 
P0= RH0/100*Ps0;    %Water vapor pressure [Pa] 
  
P0= P0/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH0= P0*1*18/(.082*(T0+273));   %Absolutive Humidity [g/L] 
  
Vapour_state_0= AH0/(Water_added_per_L+AHa)*100; 
Liquid_state_0= 100-Vapour_state_0; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @ 2cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ps1= 610.78*exp(T1/(T1+238.3)*17.2694); %Water vapor sat pressure [Pa] 
  
%RH= P/Ps *100 
P1= RH1/100*Ps1;    %Water vapor pressure [Pa] 
  
P1= P1/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH1= P1*1*18/(.082*(T1+273));   %Absolutive Humidity [g/L] 
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Vapour_state_1= AH1/(Water_added_per_L+AHa)*100; 
Liquid_state_1= 100-Vapour_state_1; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @ 4cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ps2= 610.78*exp(T2/(T2+238.3)*17.2694); %Water vapor sat pressure [Pa] 
T2= 25; 
%RH= P/Ps *100 
P2= RH2/100*Ps2;    %Water vapor pressure [Pa] 
  
P2= P2/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH2= P2*1*18/(.082*(T2+273));   %Absolutive Humidity [g/L] 
  
Vapour_state_2= AH2/(Water_added_per_L+AHa)*100; 
Liquid_state_2= 100-Vapour_state_2; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @ 8cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ps3= 610.78*exp(T3/(T3+238.3)*17.2694); %Water vapor sat pressure [Pa] 
  
%RH= P/Ps *100 
P3= RH3/100*Ps3;    %Water vapor pressure [Pa] 
  
P3= P3/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH3= P3*1*18/(.082*(T3+273));   %Absolutive Humidity [g/L] 
  
Vapour_state_3= AH3/(Water_added_per_L+AHa)*100; 
Liquid_state_3= 100-Vapour_state_3; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @16cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ps4= 610.78*exp(T4/(T4+238.3)*17.2694); %Water vapor sat pressure [Pa] 
  
%RH= P/Ps *100 
P4= RH4/100*Ps4;    %Water vapor pressure [Pa] 
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P4= P4/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH4= P4*1*18/(.082*(T4+273));   %Absolutive Humidity [g/L] 
  
Vapour_state_4= AH4/(Water_added_per_L+AHa)*100; 
Liquid_state_4= 100-Vapour_state_4; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @32cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ps5= 610.78*exp(T5/(T5+238.3)*17.2694); %Water vapor sat pressure [Pa] 
  
%RH= P/Ps *100 
P5= RH5/100*Ps5;    %Water vapor pressure [Pa] 
  
P5= P5/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH5= P5*1*18/(.082*(T5+273));   %Absolutive Humidity [g/L] 
  
Vapour_state_5= AH5/(Water_added_per_L+AHa)*100; 
Liquid_state_5= 100-Vapour_state_5; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Situation after atomization @50cm %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ps6= 610.78*exp(T6/(T6+238.3)*17.2694); %Water vapor sat pressure [Pa] 
  
%RH= P/Ps *100 
P6= RH6/100*Ps6;    %Water vapor pressure [Pa] 
  
P6= P6/101325;      %Water vapor pressure [atm] 
  
%P*V= n*R*T 
%P*V= m/M *R*T 
%m= P*V*M/(R*T) 
%m[g]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
%AH[g/L]= P[atm]*1[L]*18[g/mol]/(.082[atm*L/(mol*K)]*T[K]) 
AH6= P6*1*18/(.082*(T6+273));   %Absolutive Humidity [g/L] 
  
Vapour_state_6= AH6/(Water_added_per_L+AHa)*100; 
Liquid_state_6= 100-Vapour_state_6; 
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APPENDIX D 

APPENDIX D.1 

 
Figure D-1: Voltage on the terminals of a 1.5 MHz transducer when a sine wave is 

applied. 

 
Figure D-2: Current on a 1.5 MHz transducer when a sine wave is applied. 
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Figure D-3: Voltage on the terminals of a 1.7 MHz transducer when a square wave 

is applied. 

 

 
Figure D-4: Current on a 1.7 MHz transducer when a square wave is applied. 
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Figure D-5: Voltage on the terminals of a 1.7 MHz transducer when a sine wave is 

applied. 

 
Figure D-6: Current on a 1.7 MHz transducer when a sine wave is applied. 
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Figure D-7: Voltage on the terminals of a 2.1 MHz transducer when a square wave 

is applied. 

 
Figure D-8: Current on a 2.1 MHz transducer when a square wave is applied. 
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Figure D-9: Voltage on the terminals of a 2.1 MHz transducer when a sine wave is 

applied. 

 
Figure D-10: Current on a 2.1 MHz transducer when a sine wave is applied. 
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Figure D-11: Voltage on the terminals of a 2.6 MHz transducer when a square 

wave is applied. 

 
Figure D-12: Current on a 2.6 MHz transducer when a square wave is applied. 
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Figure D-13: Voltage on the terminals of a 2.6 MHz transducer when a sine wave is 

applied. 

 
Figure D-14: Current on a 2.6 MHz transducer when a square wave is applied. 
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Figure D-15: Voltage on the terminals of a 3.0 MHz transducer when a square 

wave is applied. 

 
Figure D-16: Current on a 3.0 MHz transducer when a square wave is applied. 
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Figure D-17: Voltage on the terminals of a 3.0 MHz transducer when a sine wave is 

applied. 

 
Figure D-18: Current on a 3.0 MHz transducer when a sine wave is applied. 
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APPENDIX D.2 

 
Figure D-19: Atomization rate versus power consumption of a 1.7 MHz transducer 

excited at different duty cycles. Bars indicate standard deviation. 

 
Figure D-20: Atomization rate versus power consumption of a 2.1 MHz transducer 

excited at different duty cycles. Bars indicate standard deviation. 
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Figure D-21: Atomization rate versus power consumption of a 2.6 MHz transducer 

excited at different duty cycles. Bars indicate standard deviation. 

 
Figure D-22: Atomization rate versus power consumption of a 3.0 MHz transducer 

excited at different duty cycles. Bars indicate standard deviation. 
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APPENDIX D.3 

 
Figure D-23: Atomization rate versus power consumption for a 1.7 MHz 

transducer excited with bursts of 5000 sine pulses (green), 10000 sine pulses (cyan), 
20000 sine pulses (brown), 5000 square pulses (blue), 10000 square pulses (red) 

and 20000 square pulses (magenta) of different duty cycles. 

 
Figure D-24: Atomization rate versus power consumption for a 2.1 MHz 

transducer excited with sine (blue) and square (green) pulses at four duty cycles. 
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Figure D-25: Atomization rate versus power consumption for a 2.6 MHz 

transducer excited with sine (green) and square (blue) pulses at four duty cycles. 

 
Figure D-26: Atomization rate versus power consumption for a 3.0 MHz 

transducer excited with sine (green) and square (blue) pulses at four duty cycles. 
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APPENDIX D.4 

 
Figure D-27: Temperature of a 1.7 MHz transducer when it was excited with sine 

(green) and square (blue) pulses at different powers and duty cycles. 

 

Figure D-28: Temperature of a 2.1 MHz transducer when it was excited with sine 
(green) and square (blue) pulses at different powers and duty cycles. 
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Figure D-29: Temperature of a 2.6 MHz transducer when it was excited with sine 
(green) and square (blue) pulses at different powers and duty cycles. 

 

Figure D-30: Temperature of a 3.0 MHz transducer when it was excited with sine 
(green) and square (blue) pulses at different powers and duty cycles. 
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APPENDIX D.5 

 

Figure D-31: Temperature versus power consumption of a 1.7 MHz transducer. 
Bars indicate standard deviation. 

 

Figure D-32: Temperature versus power consumption of a 2.1 MHz transducer. 
Bars indicate standard deviation. 
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Figure D-33: Temperature versus power consumption of a 2.6 MHz transducer. 
Bars indicate standard deviation. 

 

Figure D-34: Temperature versus power consumption of a 3.0 MHz transducer. 
Bars indicate standard deviation. 
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APPENDIX D.6 

 
Figure D-35: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of 10000 sine-shaped pulses. 

 
Figure D-36: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of 20000 sine-shaped pulses. 
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Figure D-37: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of 5000 square-shaped pulses. 

 
Figure D-38: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of 10000 square-shaped pulses. 
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Figure D-39: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of 20000 square-shaped pulses. 
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APPENDIX D.7 

 
Figure D-40: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of sine pulses. The duty cycle was 50%. 

 
Figure D-41: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of sine pulses. The duty cycle was 75%. 
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Figure D-42: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of square pulses. The duty cycle was 25%. 

 
Figure D-43: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of square pulses. The duty cycle was 50%. 
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Figure D-44: Droplet size distribution of a 1.7 MHz transducer excited with bursts 

of square pulses. The duty cycle was 75%. 
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APPENDIX E 

 
Figure E-1: Droplet size distribution of a spray generated by a 1.5 MHz transducer 

using a mixer. 

 
Figure E-2: Droplet size distribution of a spray generated by a 1.7 MHz transducer 

using a mixer. 
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Figure E-3: Droplet size distribution of a spray generated by a 2.1 MHz transducer 

using a mixer. 

 
Figure E-4: Droplet size distribution of a spray generated by a 2.6 MHz transducer 

using a mixer. 
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Figure E-5: Droplet size distribution of a spray generated by a 3.0 MHz transducer 

using a mixer. 
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