
ABSTRACT 

WEI, DU. Generation and Characterization of Nanometer Size Oil Droplets on Flat and 
Curved Surfaces. (Under the direction of Dr. Warren Jasper). 

In this study, we have built a system to generate a mono-disperse aerosol of 

nanometer size oil droplets and their subsequent characterization. Olive oil, which was 

initially dissolved in isopropyl alcohol (IPA) was aerosolize and then pumped into an 

Electrostatic Classifier (ESC). The aerosol with specified sizes were charged and classified 

by their electrical mobility. This system has been tested for reliability and short/long term 

stability using different oil droplet deposition rates onto glasses and nylon fiber. The 

resulting depositions have been imaged by multiple microscopy techniques. The results show 

that olive oil can be aerosolized more easily than dodecane and Kaydol ™, and that a 

confocal microscope is better suited to measure Young’s contact angle than using Atomic 

Force Microscopy (AFM) or Environmental Scanning Electron Microscopy (ESEM). The 

olive oil aerosol imaged by a confocal microscope can be as small as 461± 90 nm in diameter 

(0.057± 0.033 fL) resulting in contact angles ranging from 14.1º to 24.1º. All the measured 

contact angles were between the theoretically predicted receding and advancing contact angle 

for olive oil. Submicron olive oil droplets were also deposited on nylon fibers and imaged by 

confocal microscopy. 
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1. INTRODUCTION 

With the rapid pace of industrialization, oil mist pollution is occurring in many workplace 

environments [1], and these nanometer or submicron droplets can severely threatened human 

health. To better understand liquid aerosols, a precise and effective aerosol 

generator/characterization tool needs to be developed. However, because liquid aerosol 

exhibit properties such as coalescence, rolling and separation, it is more difficult to 

characterize liquid aerosols than a solid aerosols.  

Solid particle aerosol generators were developed earlier than liquid aerosol generators. In 

1992, a monodisperse aerosol generator for 0.5µm solid particles was created [2]. Based on a 

previous study in 1999, a nanometer aerosol generator which utilizes an electrospray method 

was developed which extended the range of liquid aerosol generators into the nanometer 

range [3]. In 2012, I. Kuznetsov et al. developed an effective and accurate system to 

generate, classify and count sodium chloride particles at the nanometer scale [4].  

Liquid aerosol generators were slow to develop.  A condensation aerosol generator was 

created for both solid and liquid aerosol. According to the published results, dioctyl phthalate 

(DOP) and triphenyl phosphate (TPP) generate stable monodisperse liquid aerosols with 

median aerodynamic diameters of around 0.9 µm [5]. However, other liquids have not 

achieved this behavior. A vibrating orifice monodisperse aerosol generator was designed by 

Liu to generate olive oil droplets with diameters between 1.4 to 21 µm [6].  In 2004, a 

capillary aerosol generator was created to pump, heat and vaporize liquids [7], but the 

aerodynamic diameters of these aerosol were in micron range.   
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In order to study nanometer size liquid aerosols and build upon the experimental setup for 

generating liquid aerosols with higher efficiency and stability, the author fabricated the 

system built by Kuznetsov et al. [4] to generate olive oil aerosols and to utilize multiple 

microscopy technologies such as Environmental Scanning Electron Microscopy (ESEM), 

Atomic Force Microscopy (AFM) and Confocal Microscopy to characterize them. The 

assumptions that the aerosol volume is constant and the shape of a droplet on a flat surface is 

a spherical cap suggests that the Young’s contact angle should be constant over a fairly large 

range of diameters spanning 6 orders of magnitude.  If these assumptions are valid, the 

contact angle of nanometer size droplets should lie between the receding contact angle and 

advancing contact angle of 10 µL olive oil droplets.  

The objectives of this study are listed below: 

1) Build an experimental setup for generating nanometer size olive oil aerosol with high 

stability. 

2) Characterize nanometer size olive oil droplets on glasses by various imaging techniques. 

3) Characterize micron size olive oil droplets on nylon fibers by various imaging techniques. 

4) Study the contact angle of nanometer size olive oil droplets over a wide range volumes. 
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2. LITERATURE REVIEW 

2.1 Solid Particles Generation 

In 1982 a stable, high concentration and dry aerosol generator was designed by R. Boucher 

and A. C. Lua [8]. This aerosol generator used a fluidized bed and dust feed arrangement as 

shown in Figure 2.1. The dust they use was basic oxygen furnace (BOF) dust. 

 

Figure 2.1 A stable, high concentration and dry aerosol generator [8] 

The aerosol generator can produce BOF dust with the size range 0.24-7.0 µm on a nuclepore 

cellulosic membrane filter. The particles were imaged by a Scanning Electron Microscope 

(SEM) as shown in Figure 2.2.  
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Figure 2.2 Scanning electron micrograph of BOF dust particles: (a) and (b) 1250×, white bar 

spacing = l0 µm, (c) and (d) 2500×, white bar spacing = 10 µm. [8] 

The theories and technologies of particle generation kept improving. By 1987, fibrous 

particles could be separated from isometric particles by an aerosol generator which utilized 

electric fields [9]. Based on this technique, a newly designed aerosol generator classified 

aerosol particles by their electrical mobility which improved the simplicity and efficiency of 

the design. The mobility analysis system studied particle populations rather than individual 

particles [10]. In 1992, a monodisperse aerosol generator for 0.5µm solid particles was 

created [2]. A dissolved impurity was melt-sprayed into pure stearic acid. When the acid 

evaporated, a nuclei-vapor mixture was produced. In 1997, a narrow size distribution aerosol 

generator was created and the schematic diagram is shown in Figure 2.3 [11].  
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Figure 2.3 Schematic diagram of narrow size distribution aerosol generator [11] 

Dry compressed air was supplied to the atomizer where it was mixed with a solution. The 

centrifugal vortex motion in the atomizer breaks up the solution into small droplets and 

sprays them into the L-shaped acrylic chamber. Due to gravitational effect and a vertical 

impactor, larger droplets were eliminated. Sodium chloride (NaCl) aerosols have been 

studied and the size distribution of 0.1% NaCl solution is shown in Figure 2.4. The geometric 
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standard deviation (GSD) is as low as 1.41 µm and the mass medium aerodynamic diameter 

(MMAD) is 1.48 µm.  

 

Figure 2.4 Typical size-distribution histogram of NaCl aerosol generated from a 0.1 % NaCl 

solution. [11] 

Based on previous studies, in 1999 a nanometer electrospray aerosol generator which utilized 

an electrospray method generated particles in the micron and nanometer range [3]. The 

theoretical studies were also rapidly developing [12, 13]. By 2010, an electrospray aerosol 

generator which could generate not only carbon nanotubes, but also of many novel materials 

including quantum dots, diesel particulate matter, urban dust, and their mixtures were created 

[14]. Single wall carbon nanotube (SWCNT) and Multi wall carbon nanotube (MWCNT) 

aerosol are studied. Figure 2.5 shows the SWCNT size distribution. From the figure we can 

find the peak value of electrical mobility diameter around 50 - 60 nm.  
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Figure 2.5 The average (10 runs) of the particle size distribution of the electrical mobility 

diameter, measured using a long DMA (TSI3081), methanol blank-subtracted, for 0.75 mg 

ml−1 SWCNTs at 1.0 ml h−1 [14] 

In 2012, I. Kuznetsov et al. built an effective and consistent system to generate, classify and 

count sodium chloride particles at the nanometer scale [4]. The sodium chloride particles 

which were dissolved in deionized water were generated from an atomizer. Then the particles 

went through a diffusion dryer (Model 3062, TSI Inc.) which can remove water droplets. The 

electrostatic classifier (Model 3080, TSI Inc.) was used to classify particles with specified 

size. Then the flow went into a condensation particle counter (Model 3785, TSI Inc.) to 

obtain the raw count.  

2.2 Liquid Droplets Generation 

As early as in 1970, a stable and reproducible liquid aerosol generator was formed from 

dibutyl phthalate (DBP) aerosol by condensation onto sodium chloride nuclei [15]. In the 
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same year, a condensation aerosol generator was created for both solid and liquid aerosol [5]. 

The schematic diagram of this Model II generator is shown in Figure 2.6.  

 

Figure 2.6. Schematic diagram of the Model II monodispersed aerosol generating system. [5] 

The monodisperse aerosol was classified by electrical charging. A neutralizer insures that the 

charge distribution was in equilibrium [5]. This was accomplished by mixing the aerosol with 

bipolar ions produced by the sonic jet ionizer to bring it to a Boltzmann charge equilibrium 

with the ions, and passing the charge-equilibrated aerosol through a cylindrical condenser to 

remove the remaining charged particles [16]. According to the experiment results, dioctyl 
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phthalate (DOP) and triphenyl phosphate (TPP) seem to give the most stable monodisperse 

aerosols and the number median diameter of the aerosol was found to be 0.9 µm [5]. 

However, other liquids cannot achieve this level of stability. A vibrating orifice 

monodisperse aerosol generator was designed to generate olive oil droplets with diameters 

between 1.4 to 21 µm by B. Liu in 1973 [6]. The Figure 2.7 shows the schematic diagram of 

this aerosol generator.  

 

Figure 2.7 Schematic diagram of vibrating orifice monodisperse aerosol generator [6] 
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Olive oil is dissolved in isopropyl alcohol (IPA), and the aerosol solution is drawn into a 

small orifice with a syringe pump at a predetermined rate. Then the liquid is broken up into 

uniform droplets. Experiments [17] have shown that the particle diameter Dp can be 

calculated far more easily and accurately by means of Equation 2.1 than can be measured by 

conventional microscopic sizing techniques [6]. 

1

3
6CQ

Dp
f

       2.1 

where Q is the volumetric liquid flow rate through the orifice and f is the vibrating frequency 

of the orifice and C is the volumetric concentration of the nonvolatile solute in the solution. 

The microscopy images of olive oil droplets deposition on an oleophobic microscopy slide 

were also taken as shown in Figure 2.8. The droplet size in the figure is very uniform which 

suggests that the generated aerosol flow is highly monodispersed.  
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Figure 2.8 Olive oil particles collected on an oleophobic microscopy slide. [6] 

The narrow size distribution aerosol generator [11] mentioned in Chapter 2.2 can also 

generate corn oil droplets with a mass medium aerodynamic diameter (MMAD) of 2.52µm 

(GSD of 2.3 µm). In 2006 an interesting aerosol generator was built by inkjet printer 

technology [18]. A highly monodisperse aerosol flow can be generated and any non-

corrosive liquid with viscosity similar to water is claimed to be able to aerosolize. A liquid 

droplets image taken by digital hologram is shown in Figure 2.9. The droplets size is found to 

be 17±2 µm which is relatively large.  
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Figure 2.9 Image of a stream of droplets produced by the aerosol generator, reconstructed 

from a digital hologram. On the right two droplets are shown in expanded view to 

demonstrate the typical size uniformity. [18] 

In 2004, a capillary aerosol generator (CAG) was created to pump, heat and vaporize liquid, 

so liquid can nucleate and condense to form aerosol [7]. The schematic diagram for CAG is 

shown in Figure 2.10. The aerosol is generated by syringe pump and delivered in the 

capillary tube which is electrically heated. The aerosol are condensed at the exit of capillary 

when mixed with ambient air.  
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Figure 2.10 Schematic diagram of the capillary aerosol generator. Values shown above the 

44 mm capillary heating zone are distances (mm) from the positive power supply point. [7] 

A simple and interesting aerosol generator was built using a bucket, PVC pipe and a 

modified DC-III system in 2006 [19]. DC-III portable droplet measurement system (KLD 

Laboratories, Inc., Huntington Station, NY) was a system which incorporates vastly 

improved hardware and software that aids the user in obtaining real-time droplet size 

measurements that can be electronically filed and retrieved [19]. The water in the bucket is 

aerosolized by dry ice and flows through a PVC pipe to the DC-III system which measures 

the micron size water droplets as shown in Figure 2.11.  
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Figure 2.11 (B) laboratory dry ice/water aerosol generator.  

(C) Close-up of aerosol entering blower over test probe. [19] 

In 2008, E. Garland et al. coated oleic acid droplets on nonporous silica particles and 

polystyrene latex spheres (PSLs) of 1.6 micron diameter (Duke Scientific, United States) by 

vapor deposition [20]. First, silica and PSLs particles are dissolved in 50: 50 water–methanol 

solution, then the solution is aerosolized by a commercial atomizer (Model 3076, TSI. United 

States) to a substrate. To deposit oleic acid on the substrate, the acid is preheated in an oven 

at 70 ºC. Then the substrate is set upside-down covered on a beaker containing oleic acid and 

another larger beaker is inverted to cover the setup to collect the vapor oleic acid. From AFM 

and SEM images, the oleic acid droplets on PSLs are in the nanometer scale. In 2012, a 

simple set-up for the generation of reference aerosols based on Brownian coagulation was 

introduced [21]. The remarkable applications that this simple apparatus can serve as a simple 

reference aerosol source for size selective aerosol instrumentation to be used in the 

laboratory as well as in the field and provide an easy way to transfer aerosol mass from the 
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nanometer size range almost into the micrometer regime make this aerosol generator 

outstanding [21]. 

2.3 Microscopy Imaging 

There are many microscopies for characterizing solid aerosol particles. In 1992, an article 

stated that the Electron Energy Loss Spectroscopy (EELS) mode in Scanning Transmission 

Electron Microscope (STEM) had the advantage of characterizing ultrafine particles [22]. 

Energy lost by electrons through atomic core shell excitations leads to characteristic edges in 

the energy loss spectrum, so the elements can be identified and quantified. Table 2.1 shows 

the possible compounds of some ultrafine particles by this method. 

Table 2.1 Quantitative analysis of particles with significant features [22] 

 

In 2010, T. Lind et. al asserted that Scanning Electron Microscopy (SEM) is a good method 

to image solid aerosol particles more immediately [23]. SEM is a technique which requires 

gold coating on the samples under high vacuum.  Lind imaged silica particles deposited on a 

carbon film which was covered by a copper grid. Figure 2.12 a) shows that the particles did 

not aggregate. The light grid is the copper grid, and grey areas are the carbon film. SiO2 
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particles are the small light spheres on the carbon. Figure 2.12 b) shows the spherical 

structure and size of the particles. Dark areas are holes in the carbon film. Thus, submicron 

diameter silica particles were successfully imaged by SEM. 

 

 

Figure 2.12 SEM micrograph of 2.6 µm SiO2 particles. Particles are spherical and 

monodisperse. [23] 
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In 2012, Transmission Electron Microscopy (TEM) imaged some primary particles as shown 

in Figure 2.13 [24]. From this figure, the high number concentration of nanometer size 

primary particles results in collision and coalescence.  

 

Figure 2.13 TEM images of primary particles in agglomerates on carbon film. (a) A gold 

agglomerate; (b) an iron oxide agglomerate; (c) a palladium agglomerate; (d) tin oxide 

agglomerates. The scale bar in (a–c) is 10 nm, and in (d) is 50 nm [24] 
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Liquid aerosol droplets can also be characterized by multiple imaging techniques. In 1999, an 

article provided a contact angle measurement method for micrometer size water droplets on 

different fibers by ESEM [25]. The water droplets are deposited on fibers by vapor 

condensation. Due to the low vacuum chamber, the samples do not need a coating process 

and the water droplets can survive with little evaporation. Figure 2.14 shows micron size 

water droplets on fibers taken by an optical microscope and ESEM. It is evident that images 

taken by ESEM have better resolution and higher magnification than by optical microscope. 

However, the droplet size is still in the micrometer range instead of the nanometer range.  

 

Figure 2.14 Micrographs showing droplets condensed at high magnification in the ESEM 

(upper images: scale bar represents 50 and 35ím, respectively) and at low magnification in 

the optical microscope (lower images) [25] 
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In 2013, a nanowire pump was created and the liquid beads formation on the nanowires were 

imaged by transmission electron microscope (TEM) [26] [27]. Because the ionic liquid 1, 2-

dimethyl-3-propylimidazolium (DMPI)-bis(trifluoromethylsulphonyl)imide (TFSI) has low 

vapor pressure, the experiment can be conducted in TEM which employs a high vacuum.  A 

Tecnai F30 TEM with a line resolution of 0.14 nm was equipped with a Nanofactory 

scanning tunneling microscope (STM)-TEM holder [27]. The formation of discrete liquid 

beads on two SnO2 nanowires is shown in Figure 2.15 b–e. The droplets are in submicron 

size.  

 

Figure 2.15 Time-lapse TEM images of ionic liquid flowing along two SnO2 nanowires. [27] 

As mentioned in Chapter 2.2, the oleic acid droplets deposited on 1.6mm diameter 

polystyrene aerosol particles as well as on polystyrene and silica surfaces via vapor 

condensation were imaged by SEM and AFM [20]. As shown in Figure 2.16, oleic acid 

droplets are coated on polystyrene latex spheres and the diameter of these droplets are about 

100 nm.  
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Figure 2.16 SEM images of polystyrene latex spheres uncoated (left) and coated with oleic 

acid (right). [20] 

The oleic acid deposition on silica surface was imaged by AFM. The tip of AFM scanned the 

flat silica surface and produced a profile of the samples as shown in Figure 2.17. A 

comparison of oleic acid distribution of silica surface deposited for short time and longer 

time indicates that the number of islands increases with deposition time, but their peak 

heights are similar in both images. The diameter of oleic acid is also about 100 nm.  

 

Figure 2.17 AFM images of oleic acid on a silica surface at a short deposition time (left) and 

a longer deposition time (right). [20] 
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In 2011, Tabor combined a confocal microscope and AFM to study the absolute separations 

of two droplets in nanofilms during this process [28]. Droplets of perfluorooctane (PFO) 

were generated using a syringe to disperse the oil under water in a specially made fluid cell. 

A PFO droplet was then captured on the cantilever of the AFM, which was mounted on an 

inverted confocal microscope, to provide the necessary bottom-up geometry. An Acid Red 88 

solution was added to act as the fluorescent dye; this molecule adsorbed in both the solid-

water and oil-water interfaces in the system [28]. The experimental setup and the process are 

shown in Figure 2.18. The confocal microscope helped to position the interface of the two 

droplets precisely and AFM measured the interaction force accurately. This paper thus 

predicted the promising application of confocal imaging to be a vital tool in the next 

generation of force experiments with more complex systems [28]. 

 

Figure 2.18 (A) Schematic of the experimental setup, showing an oil drop captured on the 

AFM cantilever, positioned over a surface-immobilized drop in an aqueous dye solution. (B) 
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3D confocal image of two drops before an interaction event. (C) 3D confocal image of the 

same two drops during an interaction at a high force loading, where the drops deform to give 

a region of flat film. (D) Vertical (YZ) slice of the two deformed drops shown in (C). (E) 

Vertical (YZ) slice of the same two drops at a separation of 8μm. The white rectangle in each 

image is a scale bar representing 50μm [28] 

In 2003, an article introduced another confocal microscopy application which imaged 20 µm 

diameter water droplets in toluene containing 2.8-nm–diameter CdSe nanoparticles [29]. The 

fluorescence from the nanoparticles indicated that nanoparticles preferred to adhere on the 

toluene-water interface which is shown in Figure 2.19.  

 

Figure 2.19 Self-assembly of colloidal nanoparticles at a fluid-fluid interface. (A) 

Fluorescence confocal microscope images of a water droplet in toluene in which CdSe 

nanoparticles are suspended. Scale bar, 20µm. [29] 
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The image shows the optical cross sectioning at different depths. The fluorescence from the 

CdSe nanoparticles is shown in green (excitation, 488 nm; detection, 525 nm), which 

suggests that the nanoparticles formed a hollow spherical shell. 

2.4 Contact Angle 

2.4.1 Static contact angle 

Consider a liquid drop resting on a flat, horizontal solid surface, the contact angle is defined 

as the angle formed by the intersection of the liquid-solid interface and the liquid-vapor 

interface (geometrically acquired by applying a tangent line from the contact point along the 

liquid-vapor interface in the droplet profile) as shown in Figure 2.20 [30]. The solid surface 

is determined to be hydrophilic if the contact angle is less than 90º or hydrophobic if the 

contact angle is more than 90º.  

 

Figure 2.20 Illustration of contact angles formed by sessile liquid drops on a smooth 

homogeneous solid surface [30] 

Ideally, the shape of a liquid droplet is determined by the surface tension of the liquid [30]. 

As first described by Thomas Young in 1805, the contact angle of a liquid drop on an ideal 

solid surface is defined by the mechanical equilibrium of the drop under the action of three 

interfacial tensions [31]: 
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coslv Y sv sl      (2.1) 

Where γlv, γsv, and γsl represent the liquid-vapor, solid-vapor, and solid-liquid interfacial 

tensions, respectively, and θY is the static contact angle. (2.1) is usually referred to as 

Young’s equation, and θY is Young’s static contact angle. 

2.4.2 Contact Angle Hysteresis 

In practice, there exist many metastable states of a droplet on a solid, and the observed 

contact angles are usually not equal to θY. The liquid moves to expose its fresh surface and to 

wet the fresh surface of the solid in turn [30]. The measurement of a single static contact 

angle to characterize wetting behavior is no longer adequate. If the three-phase contact line is 

in actual motion, the contact angle produced is called a “dynamic” contact angle [30]. In 

particular, the contact angles formed by expanding and contracting the liquid are referred to 

as the advancing contact angle θa (left) and the receding contact angle θr (right), respectively 

(Figure 2.21).  

 

Figure 2.21 Illustration of advancing and receding contact angles [30] 
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These angles fall within a range, with the advancing angles approaching a maximum value, 

and the receding angles approaching a minimum value. The difference between the 

advancing angle and the receding angle is called the hysteresis (H) [30]: 

a rH          (2.2) 

A “tilted plate” method (also referred to as the “inclined plate” method) was introduced by 

McDougall and Ockrent, who modified the sessile drop method and obtained both advancing 

and receding contact angles by tilting the solid surface until the drop just begins to move 

[32]. The contact angles obtained at the lowest point θmax and the highest point θmin are 

considered as the advancing and receding contact angles, respectively as shown in Figure 

2.22.  

 

Figure 2.22 Illustration of the “tilted plate” method, where θmax and θmin are assumed to be θa 

and θr, respectively when the drop just starts to move [30] 

This method was used by Extrand and Kumagai to study the contact angle hysteresis of 

liquids on a variety of polymer surfaces, including silicon wafers and elastomeric surfaces 
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[33], [34]. In this thesis, the author also uses the similar method to test receding and 

advancing contact angle which will be discussed in Chapter 3.6. 
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3. EXPERIMENT 

3.1 Experiment Apparatus  

Generating and depositing nanometer size oil droplets onto a substrate requires a specialized 

setup as shown in Figure 3.1 and Table 3.1.  The first step in generating a liquid aerosol is to 

dissolve the oil (such as olive oil or dodecane) in HPLC grade isopropyl alcohol (IPA).  

Ambient room-temperature compressed air under 20 psi was supplied to the atomizer (A) to 

generate liquid droplets. The liquid droplets are then carried in an air/IPA stream to a plenum 

(B) to equalize the pressure, and then to an electrostatic classifier (C) to produce a mono-

disperse aerosol. The selected droplets are then deposited from the tube onto a substrate 

placed in a petri dish (D).  

 

Figure 3.1 Experimental Apparatus for depositing in petri dish  
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Table 3.1 List of Equipment for depositing in petri dish  

A TSI model 3076 Constant Output Atomizer 

B Plenum for balancing pressure 

C TSI model 3080 Electrostatic Classifier (ESC) 

D The substrate in petri dish  

 

 

Figure 3.2 Deposition onto a substrate in a petri dish 

The distance between the outlet of the tube and substrate should be as small as possible in 

order to prevent the aerosol droplets from blowing away, as shown in Figure 3.2.  Because 

the gravity force on the nanometer size droplets is small compared to the viscous and 

Brownian motion forces, the settling time is fairly long.  The small distance will allow for a 

significant number of droplets to attach onto the substrate after a long exposure time.  
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However, in this system, the sample flow rate is very low (~ 0.05 lpm). This requires that the 

deposition time should be long in order to get sufficient deposition.  Moreover, the aerosol 

velocity in the system is not constant because the sample flow rate cannot be controlled, 

which may cause an uneven aerosol density distribution. In order to solve this problem, the 

system was modified as shown in Figure 3.3 and Table 3.2, where the sample is placed in the 

filter holder and a condensation particle counter (CPC) was placed after the sample. 

 

Figure 3.3 Experimental Apparatus for depositing in filter holder 
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Table 3.2 List of Equipment for depositing in filter holder 

A TSI model 3076 Constant Output Atomizer 

B Plenum for balancing pressure 

C TSI model 3080 Electrostatic Classifier (ESC) 

D Gelman Sciences Filter Holder, Stainless Steel 

E TSI model 3785 Condensation Particle Counter (CPC) 

F Computer – Control and Data Acquisition 

The concentration is measured by a condensation particle counter (E) located downstream 

from a filter holder (D). It is more difficult to measure olive oil droplets than solid particles 

because we cannot get the concentration immediately from the device. The IPA liquid/vapor 

particles are mixed with olive oil droplets and do not fully evaporate before entering the 

condensation particle counter.  This could result in a higher prediction of oil droplets than are 

actually in the air stream. 

3.2 Experiment Stability Testing  

To determine how well this system can generate liquid aerosol droplets and to characterize 

the size and number distribution of the aerosol, a set of tests were designed to measure the 

liquid concentration and raw count distribution generated from 1L IPA, 1L IPA+ 1mL olive 

oil, 1L IPA+ 2mL olive oil and 1L IPA+ 3mL olive oil solution.  



 

31 

To eliminate the effect of the filter holder on the aerosol concentration, additional tests were 

run by measuring the liquid concentration and raw count distribution generated from 1L 

IPA+ 3mL olive oil solution with and without the filter holder. The liquid concentration and 

raw count distribution with and without the filter holder were measured ten times for 

repeatability. The concentration of the liquid droplets were also measured when only room 

air was supplied to the system.  

To characterize the short and long term stability and associated time lags of the experimental 

setup, the air supply was turned on and off three times over a 3 hour period when measuring 

concentrations of 150 nm olive oil droplets generated from 1L IPA+ 3mL olive oil solution.  

3.3 Optimal Microscope Selection 

An extensive literature review failed to reveal many articles focusing on imaging micro 

liquid droplets on a substrate. A conventional scanning electron microscope (SEM) cannot 

image liquid oil samples because the samples need to be conductive to ionize the outer shell 

electrons which will be collected by the sensor to produce an image under a vacuum.  Olive 

oil is not conductive and cannot be coated with metal (typically gold plated), moreover it will 

evaporate in a vacuum.  

Atomic Force Microscope (AFM) was initially selected to image olive oil droplets which 

were deposited onto a glass cover slip for 3 hours because its silicon tip can tap on the 

surface of a flat substrate and achieve a very accurate profile.  However, to image droplets on 

a fiber requires the ability to measure oil droplets on a curved substrate, which could easily 

damage the fragile top.   Therefore, other imaging techniques were examined, such as 
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Environmental Scanning Electron Microscopy (ESEM) to image olive oil droplets which 

were deposited onto a glass cover slip as well as untreated nylon fibers. Some olive oil 

droplets in nL scale size (not aerosolized) were also deposited manually on the glass and 

nylon fiber as a reference.  

Because of the limitation of ESEM, it cannot measure the height of a droplet. Therefore, we 

investigated the use of a confocal microscope. Some pure olive oil droplets in nL scale size 

(not aerosolized) were also deposited manually on a glass and nylon fiber, and oil droplets in 

the range of aL scale to nL scale size were measured.  For the range of droplets in our study, 

we found the confocal microscope to be capable of imaging the base diameter and height of 

particles for volumes of interest. 

3.4 Optimal Oil Solute Selection 

In order to find the optimal oil solute, 1L IPA + 3mL dodecane and 1L IPA + 3mL Kaydol 

solution are used respectively to generate oil droplets. The droplets with nominal 300 nm 

diameter are deposited on cover slip for 3 hours.  

3.5 Olive Oil Aerosol Size and Distribution  

3.5.1 Deposition on Glass Slides  

In order to characterize the olive oil aerosol, the particle size distribution function was 

determined. A series of experiments were conducted as shown in Table 3.3.  
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Table 3.3 A series of experiments for aerosol deposition on glass slides 

Order Solution 

component 

Nominal 

diameter 

(nm) 

Substrate Deposition 

time 

(hour) 

Purpose 

1 1L IPA+ 3mL 

olive oil 

150 Glass slide 3 Collect nanometer size 

olive oil droplets 

2 1L IPA+ 3mL 

olive oil 

150 Glass slide 0.5 Obtain smaller olive oil 

aerosol droplets and to 

save time 

3 1L IPA+ 3mL 

olive oil 

150 Small pieces 

of glass 

slide 

0.5 Try to move aerosol 

collecting region from 

the edge of glass to the 

center 

3.5.2 Deposition on Nylon Fibers 

In Chapter 3.3, olive oil droplets deposited for 3 hours on nylon fibers have been proved to 

be imaged by confocal microscope. Furthermore, olive oil droplets are deposited for 2 hours 

and 1 hour on nylon fibers and are imaged by confocal microscope.  

3.6 Contact Angle Testing 

In order to compare the calculated contact angles of aerosolized oil droplets with predicted 

values, the static contact angle of olive oil droplets with 30 μL volume and receding and 
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advancing contact angle of olive oil droplets with volume 10 μL on glass cover slip were 

measured 5 times and 3 times respectively to get the statistical results. The contact angles 

which need to be measured and measurement method are discussed in Chapter 2.4. 
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4. RESULTS AND DISCUSSIONS 

4.1 Experiment Stability Testing  

For an aerosol generated from different solution concentration, the relationship between 

droplet diameter and concentration is shown in Figure 4.1. From the plot, we can see that 

when only room air is supplied into the system, the liquid concentration is zero which means 

that the system is sealed well enough to prevent other particles (e.g. from the room) from 

being counted. For small droplet sizes, those below 85 nm, the liquid concentration is 

independent of the oil/IPA concentration in the ranges tested.  This suggests that no 

appreciable number of oil droplets are being generated with mean diameters less than 85 nm. 

However, the liquid concentration increases with increasing concentration of olive oil for 

droplet diameters greater than 85 nm. The peak or maximum value of the concentration 

shifts, and is a function of the initial oil concentration, but generally lies between 140 and 

160 nm.  Generally, higher concentrations of solution produce more olive oil droplets, with 

diameters which generally range from 150 to about 250 nm. 
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Figure 4.1 Relationship between particle diameter and concentration with different olive oil 

concentration 

A comparison of the count and size distribution for the aerosol, both before and after the 

filter holder, is shown in Figure 4.2. From Figure 4.2, we can observe that the system is 

sealed well enough because the concentration is zero when only room air is supplied. 

Additionally, the liquid droplets have statistically the same concentration distribution both 

with and without the filter holder. 
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Figure 4.2 Relationship between particle diameter and concentration with and without filter 

holder 

To validate the system stability, the concentration of 150 nm olive oil droplets was recorded 

over a 3 hour period as shown in Figure 4.3.  The olive oil aerosol concentration decreased 

and increased sharply and it took about 5 minutes to return to a nominal value of 1.8 and to 

become stable. (The slow aerosol concentration decrease at the beginning was less than 5% 

variance, so this period is treated as a stable process.) Then the filter holder was opened and 

closed three times to determine how long it would take the system to equilibrate after 
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opening the filter holder, putting in a glass cover slip and closing the filter holder. This time 

was determined to be 3 minutes. 

 

Figure 4.3 Stability of the 150 nm aerosol concentration over 3 hours with imposed process 

interruptions that simulate changing the samples. 

4.2 Optimal Microscope Selection 

Figures 4.4 to 4.8 imaged by AFM show the bright spots which are probably oil droplets 

because they seem spherical.  Also, from a side view analysis of the image, one can observe a 

zig zag shape which seems to be the ripples produced by the AFM tip when tapping on a 

liquid surface (Figure 4.5). However, the diameters of these droplets are around 2 μm and the 

heights are around 100 nm while the original droplet sizes were designed to be 300 nm.  We 

believe that the smaller droplets coalesced into bigger ones or the electrostatic mobility of the 

oil droplets are different than for salt particles of the same diameter. 
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Figure 4.4 3D image of oil droplet sample deposited for 3 h on cover slip by AFM 

 

 

Figure 4.5 Cross section image of oil droplet sample deposited for 3 h on cover slip by AFM 
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Figure 4.6 Topography image of oil droplets sample deposited for 3 h on cover slip in 

another area by AFM 
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Figure 4.7 Side view image of oil droplets sample deposited for 3 h on cover slip in another 

area by AFM 
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Figure 4.8 Cross section image of oil droplets sample deposited for 3 h on cover slip in 

another area by AFM 

 

 

Figure 4.9 Cover slip without oil by ESEM 
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Figure 4.10 100 micron size oil droplets on cover slip by ESEM 

Figure 4.11 (a), (b), (c) submicron size oil droplets deposited for 3 hours on cover slip by 

ESEM 

(a) 

 



 

44 

(b) 

 

(c) 

 

Similar results are found by ESEM as shown in Figure 4.9 to Figure 4.11. Figure 4.9 is the 

image of cover slip without oil. We can see the surface of it is very clean. Figure 4.10 is the 
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image of 100 μm olive oil droplets on a glass cover slip. Some droplets of pure olive oil in 

nL scale size (not aerosolized) were manually placed onto the glass cover slip, so as to form a 

baseline for ESEM imaging of oil droplets. From Figure 4.10 we see that the oil droplets on 

the cover slip appear as dark spots and seem to spread on the surface. At the boundary, the 

dark spots look fuzzy. Figure 4.11 contains images of oil droplets deposited for 3 h on a 

cover slip with 300 nm original diameters. Similar dark spots and fuzzy boundaries are seen 

and the diameters are several microns. It seems that 300 nm oil droplets coalesce to form 

larger oil droplets. 

Additionally, some nL scale size oil droplets on a nylon fiber were also successfully imaged 

as shown in Figure 4.12. The droplet was manually deposited onto the fiber surface. The 

circled area shows the oil droplet but the contrast of these droplets with the nylon fiber is not 

very high, making it hard to discriminate these tiny oil droplets from the nylon fiber. From 

Figure 4.12 (b), we find that the boundary between oil droplet and fiber is not very evident or 

well defined. Also note that very thin oil droplets tend to spread on the fiber surface. 
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 (a) 

 

(b) 

  

Figure 4.12 nL scale size oil droplet on nylon fiber by ESEM 
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Figure 4.13 Untreated nylon fiber without oil by ESEM 

 

Figure 4.14 Oil droplet sample deposited for 3 h on untreated nylon fiber by ESEM 
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Figure 4.13 and 4.14 are images of untreated nylon fiber without oil and with a 3 hour 

deposition time by ESEM. In both of these images, one can observe a striated surface 

structure, but the surface of fiber seems very clear and no oil was observed. A 20 μm dust 

particle can be clearly seen.  The reason why there is no evidence of oil may be due to the 

fact that the oil droplets are prone to glide off a curved surface, especially for coalesced large 

oil droplets. Some of oil droplets may be also absorbed into the nylon fiber because the 

surface energy of the untreated nylon fiber is not very low. Another possibility is that oil 

droplets are there, but the contrast is not high enough to image them.  

Images taken by confocal microscope seem to be much easier to identify liquid droplets than 

AFM and ESEM. Figure 4.15 shows submicron size olive oil droplets deposited for 3 hours 

on a cover slip by the confocal microscope. It is evident that the boundaries of the droplets 

are much sharper such that we can easily identify the droplets. The width and height of a 

particular droplet (shown in a yellow circle) are 1.484 µm and 0.075 µm respectively. In 

Figure 4.16, the length of label “9” is the width and length of label “10” is the height. It 

seems to be coalesced by several smaller droplets. But we can also find many nanometer size 

droplets on this image.  



 

49 

 

Figure 4.15 Submicron size olive oil droplets deposited for 3 hours on cover slip by confocal 

microscope 

 

Figure 4.16 Side view of this object by confocal microscope 

Moreover, the high resolution and magnification of confocal microscope makes it feasible to 

image both manually deposited and aerosolized olive oil droplets on nylon fibers as shown in 

Figure 4.17 and Figure 4.18.  
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Figure 4.17 mL scale size oil droplet spreads on nylon fiber by confocal microscope 

Figure 4.18 (a), (b) Micrometer size olive oil droplets on nylon fibers deposited for 3 hours 

by confocal microscope 

 (a) 

 

(b) 
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Figure 4.18 shows the typical morphology of olive oil droplets on nylon fibers deposited for 

3 h. Thus while AFM and ESEM can only image submicron size olive oil droplets on a flat 

cover slip, the confocal microscope can image submicron size oil droplets both on a cover 

slip and on a nylon fiber and also measure the width and height of droplets on a cover slip. 

Also, the quality and resolution of the confocal microscope are higher than those of AFM and 

ESEM for imaging liquid oil droplets. 

4.3 Optimal Oil Solute Selection  

Dodecane droplets on a glass cover slip were not found after a 3 hour exposure, even when 

the air supply pressure was doubled to 40 psi as shown in Figure 4.19. The non-spherical and 

opaque object is believed to be dust. There is only one particle and its shape characteristics 

are not compatible with the known contact angle of dodecane on glass. This may be due to 

the inability of generating a dodecane aerosol using isopropyl alcohol (IPA) as a solvent. 
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Similarly, no obvious drops were observed for a Kaydol ™ aerosol. The liquid properties for 

potential aerosol droplets are given in Table 4.1. 

 

Figure 4.19 No obvious dodecane droplets were found on a glass slide after a 3 hour 

exposure to dodecane aerosol. The particle is believed to be dust. 
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Table 4.1 Properties of potential aerosol liquids. 

Liquid Surface 

Tension 

(mN/m) 

Density 

(g/cm3) 

Vapor 

Pressure at 

20°C (Pa) 

Viscosity 

(mPa/s) 

Deionized 

water 

72.8 0.997 2338 0.997 

Isopropyl 

alcohol 

21.7 0.785 4320 2.370 

Olive oil 41 0.911 4 84 

Dodecan 25 0.75 40 1.344 

Kaydol 31 0.81-0.89 < 10 160 

Since no drops were observed for dodecane or Kaydol, it seems that olive oil, which we had 

previously used, to be the optimal oil liquid droplet. It has a low vapor pressure and can be 

completely dissolved in IPA. 

4.4 Olive Oil Aerosol Size and Distribution  

4.4.1 Deposition on Glass Slides  

The aerosol particle size distribution is shown in Figure 4.20. It is evident that the peak value 

of the aerosol particle size distribution function occurs at an aerosol diameter of around 100 

nm. However, aerosol particle sizes above 300 nm cannot be classified with our current 

experimental setup. Thus, liquid droplets with a diameter of 150 nm were chosen for the 

remainder of this study because they are of the appropriate size for this project, they can be 

easily produced, and they can be imaged. 
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Figure 4.20 Relationship between aerosol diameter and concentration 

Consequently, droplets with original 150 nm diameter are deposited for 3 hours onto a glass 

cover slip. The droplet distribution is depicted in Figure 4.21. Most of the aerosol droplets 

were deposited on the four corners of the cover slip due to the path of the streamlines. This is 

caused by the shape of filter holder tube as shown in Figure 4.22. The aerosol comes from 

the upper part of filter holder and flows around the square glass cover slip which covers the 

screen on the lower part of the filter holder. Since the gas cannot flow through the glass cover 

slip, it must deviate and flow around it, thus depositing aerosol droplets only at the perimeter.  
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Figure 4.21 Olive oil aerosol distribution on glass. 

 

Figure 4.22 Upper and lower part of filter holder 
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Figure 4.23 Olive oil droplets deposited on glass for 3 hours 

Figure 4.23 shows an image of one corner of a cover slip on which olive oil droplets were 

deposited for 3 hours. In this figure, we see that there are some larger droplets with widths of 

about 2 microns (Type 1) and some smaller droplets with widths of about 1 micron (Type 2). 

Here we assume the shape of droplets on the flat surface is the cap of sphere as shown in 

Figure 4.24. 40 Type 1 droplets and 40 type 2 droplets which seem to be round were selected 

and the width (2a) and height (h) of these 40 Type 1 droplets and 40 Type 2 droplets were 

measured, along with the calculated radius (R), contact angle (degrees), volume (V), and 

effective diameter using equations 4.1-4.4. The raw data for these 40 Type 1 droplets and 40 

Type 2 droplets can be found in Chapter 8. 
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Figure 4.24 Oil droplet (yellow area) on a flat surface 
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The statistical summaries of width, height, contact angle, volume and effective diameter for 

Type 1 droplets are shown in Figure 8.2. The contact angle is 20.9°±3.6°, the volume is 

0.41±0.14 fL, and the effective diameter is 0.91±0.11 μm. For the Type 2 drops, the contact 

angle was 15.0°±3.8°, the volume was 0.057±0.033 fL, and the effective diameter was 

0.461±0.090 μm.  

To obtain smaller olive oil aerosol droplets and to save time, deposition time was reduced 

from 3 hours to 0.5 hour. The aerosol was also found at the corners of glass cover slip. 

2 2 2( )R h a R  



 

58 

Compared to those deposited for 3 hours, olive oil aerosol deposited for only 0.5 hour had 

fewer droplets deposited on the glass as shown in Figure 4.25. 40 droplets which look round 

were selected. The measured and calculated characteristics for these 40 droplets are given in 

Table 8.4 and the statistical analysis is shown in Figure 8.4. 

 

Figure 4.25 Olive oil droplets deposited on glass for 0.5 hour 

The contact angle was 23.4°±4.5°, the volume was 0.146±0.097 fL, and the effective 

diameter was 0.62±0.14 μm. The contact angle was almost the same with that of Type 1 
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droplets, the volume was generally smaller than Type 1 droplets but larger than Type 2 

droplets.  

To obtain a better distribution of aerosol droplets on the glass cover slip, the cover slip was 

broken into small pieces. However, the aerosol was still found at the edges of glass cover slip 

as shown in Figure 4.26. 42 droplets which also look round were selected, and the measured 

and calculated characteristics for 42 droplets are given in Table 8.5 and the statistical 

analysis is shown in Figure 8.5. 

 

Figure 4.26 Olive oil droplets distribution on the small glass plate 

The contact angle was 17.0̊± 3.5̊, the volume was 0.24± 0.25 fL, and the effective diameter 

was 0.70± 0.24 μm. The contact angle is different from which are deposited on unbroken 
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glass. To study the relationship between contact angle and volume, a scatter plot of all 162 

measured droplets was drawn and a linear regression analysis was made in Figure 4.27. Even 

though a linear fit is given, the R square is only 0.11 which means the contact angle is not a 

function of volume.  

In order to figure out this contact angle variation, static, receding and advancing contact 

angle of olive oil droplets with known volume need to be measured precisely. This will be 

discussed in Chapter 4.5. 

 

Figure 4.27 Scatter plot of all 162 measured droplets and linear regression analysis between 

volume and contact angle 

4.4.2 Deposition on Nylon Fibers  

When the deposition time for the olive oil droplets was reduced from 2 hours to 1 hour, the 

size of the imaged olive oil droplets also decreased as shown in Figure 4.28 and Figure 4.29. 
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Figure 4.28 Olive oil droplets deposited for 2 h on nylon fiber by confocal microscope 

 

Figure 4.29 Olive oil droplets deposited for 1 h on nylon fiber by confocal microscope 
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From Figure 4.29 we find that the droplets seem to prefer surrounding a dust or protuberance 

so that they can stay on the curved nylon fiber surface. 

4.5 Contact Angle Testing 

As discussed in Chapter 2.4.1, the static contact angles is the angle formed by the intersection 

of the liquid-solid interface and the liquid-vapor interface (geometrically acquired by 

applying a tangent line from the contact point along the liquid-vapor interface in the droplet 

profile) when the liquid droplet is in an equilibrium status on a flat surface [30]. The static 

contact angle of olive oil droplets with 30 μL volume is shown in Figure 4.30. To make sure 

the contact angle is stable, data was collected after droplets were deposited for 1 minute. The 

contact angle of olive oil is 27.0̊± 3.1̊. 

 

Figure 4.30 Static contact angle of olive oil droplet with 30 μL volume 

To better understand the data, the advancing and receding contact angles, which was 

discussed in Chapter 2.4.2, of 10 μL olive oil droplets were measured as shown in Figure 
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4.31. The advancing contact angle was 48.0° ± 4.6° and receding contact angle was 13.9° ± 

3.2°.  

 

Figure 4.31 Advancing and receding contact angle of 10 μL olive oil droplets 
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Figure 4.32 Calculated contact angle (black spots) are mostly lying between receding and 

advancing contact angle  

Thus the calculated contact angles for all of the drops in Chapter 4.4.1 lie between these two 

limits as shown in Figure 4.32 which validate the assumption and calculation. 

When the volume is less than 0.1 fL, we observed that the average contact angle decreased. 

As these observations were for droplets that were at the limits of confocal microscope, they 

could be due to experimental error. The x,y-resolution of the confocal microscope used in 

these experiments is 120 nm and the z-resolution is 10 nm, which means, for example, if the 

measured width of an individual oil drop is 1000 nm, the real width can vary between 9880 
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nm to 1120 nm. Similarly, if the measured height of an individual oil drop is 50 nm, the real 

height can vary between 40 nm to 60 nm. Thus, when the width reaches the maximum and 

the height reaches the minimum, we get a minimum calculated contact angle of an individual 

oil droplet. Likewise, when the width reaches the minimum and the height reaches the 

maximum, we get a maximum contact angle.  For each calculated contact angle of oil drop, 

the negative variation is the calculated contact angle minus the minimum contact angle, while 

the positive variation is the maximum contact angle minus the calculated contact angle. Each 

maximum contact angle, minimum contact angle, negative variation and positive variation 

for all 162 oil drops were calculated and can be found in Table 8.6. The relationships 

between the negative and positive variation and volume are shown in Figure 4.33. The figure 

indicates that the resolution of confocal microscopy leads to more variation in contact angle 

for small volume drops than for large volume drops. (About 3̊ negative variation and 4̊ 

positive variation when the volume is less than 0.1 fL, about 2̊ negative and positive variation 

when the volume is more than 0.2 fL.)  
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Figure 4.33 The relationships between the negative and positive variation and volume 

Therefore, in Figure 4.32, the droplets that appear to have a contact angle smaller than the 

receding contacting angle when the volume is less than 0.1 fL may be due to limitations in 

the resolution of the confocal microscope.  Although there is no theoretical basis for the 
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contact angle to remain constant as the volume approaches zero, it is not definitive that the 

critical volume would be around 0.1 fL, however, the data suggests that this might be the 

case. 
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5. CONCLUSION 

In this study, we have built a system for olive oil liquid aerosol generation. The olive oil 

which was dissolved in isopropyl alcohol (IPA) was aerosolized by TSI model 3076 

atomizer. Then the aerosol flow went into TSI model 3080 Electrostatic Classifier (ESC) 

after passing through a plenum to equalize the pressure. The aerosol with specified size were 

charged and classified by electrical mobility and then neutralized by Model 3081 Long 

DMA. A filter holder which contained a deposition substrate came after DMA but before TSI 

model 3785 Condensation Particle Counter (CPC) which measured the concentration of 

liquid aerosol.  

Different size oil droplets were deposited onto glass or nylon fibers and were imaged by 

multiple microscopies. The results showed that olive oil can be aerosolized more easily than 

dodecane and Kaydol ™ because dodecane has a higher vapor pressure and Kaydol is 

difficult to dissolve in IPA. AFM can just image liquid droplets on flat surface, ESEM can 

image liquid droplets on flat surface and curved surface but cannot measure the height of 

droplets. However, confocal microscopy has better color contrast, resolution and image 

quality than AFM and ESEM. The width, height and 3D topography of liquid droplets can 

also be measured by confocal microscopy. 

The olive oil aerosol imaged on glass by a confocal microscope can resolve droplets as small 

as   461± 90 nm in diameter, 0.057± 0.033 fL in volume and 15.0± 3.8º in contact angle. The 

aerosols were mostly found at the edge of glass slides because the aerosol flow follows the 

streamlines and cannot pass through glass slides. The olive oil aerosol are deposited on a 
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large glass slide for 3 hours, 0.5 hour and on small glass plate for 0.5 hour. Based on the 

assumption that the volume is constant and the shape of liquid droplets on glass is a spherical 

cap, the contact angles of olive oil droplets were calculated by measuring the width and 

height of droplets. All the measured contact angles were between the receding and advancing 

contact angle of a 10 µL olive oil droplet which was found to be 13.9̊ ± 3.2̊ and 48.0̊± 4.6̊ 

respectively.  

Submicron olive oil droplets were also deposited on nylon fibers and imaged by confocal 

microscopy. 
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6. FUTURE STUDY 

Olive oil nanometer droplets that were deposited onto nylon fibers for 3 hours have been 

tentatively imaged by a confocal microscope. However, the very low flow rate requires a 

long deposition time and the density of the aerosol droplets on nylon fibers is not high. The 

nylon fibers should be arranged in a parallel fashion in a sealed filter holder, so as to not 

block the flow.  
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8. APPENDIX 

Function explanation for each equipment: 

Atomizer 

The compressed air pressure is set to 20 psi and the oil/IPA solution is connected to the 

compressed air to atomize and produce liquid nano droplets.  

Electrostatic Classifier Operation 

The electrostatic Classifier is switched ON and the particle size to be allowed to pass through 

is then selected. The sheath flow rate selected is typically 10 times the aerosol flow rate.  

These selections can be made either using the knob on the Classifier or using the graphical 

interface on the computer (panel control or analog control).  After making these selections on 

the graphical interface on the computer, operations are set to the “panel” mode before 

starting data collection. 

After the completion of experiments, the voltage and sheath flow rate are made zero, before 

switching the Classifier OFF. 

CPC Operation 

The CPC is switched ON and it takes around 15 minutes for the temperature to reach its 

desired levels, thus warming the system.  The pump is then primed by selecting the priming 

time to be more than 400 seconds (~ 7 minutes).  The pump is then switched ON to initiate 

aerosol flow, thus making the system available for data collection. After the completion of 

data collection, the pump is switched OFF, followed by switching OFF the CPC. 

Aerosol Instrument Manager (AIM) operation 
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AIM is the graphical interface used to connect the CPC to the computer.  The following 

settings are performed on the AIM panel for performing entire sweeps or when the particle 

size is not selected on the Classifier panel: 

Table 8.1 AIM settings 

Classifier Model 3080 

DMA 3081 

Impactor Type 0.071 cm 

CPC Model 3785 

DMA Flow Rate (lpm) - 

Sheath 
10 times the aerosol flow rate 

DMA Flow Rate (lpm) - 

Aerosol 
Current actual aerosol flow rate 

Size Range Bounds (Diameter) 
The range of particle sizes to 

be allowed to pass through 

Scan Time (sec.) 
Up (default) – 120 

Retrace (default) – 15 

Scans per sample (under the 

Scheduling Tab) 

Number of scans required per 

sample 

Number of samples (under the 

Scheduling Tab) 
Number of samples required 
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Table 8.1 Continued 

Diffusion correction (under the 

Physical properties tab) 

Diffusion correction is 

recommended for particle sizes 

less than 50 nm 

Particle density (under the 

Physical properties tab) 
Based on the particle used 

Data collection can be started once these settings are complete by pressing the “Green” 

button and data collection can be stopped by pressing the “Red” button on the AIM screen. 

When a specific particle size is selected on the Classifier, the concentration of particles 

passing through the CPC can be monitored by opening a WCPC file and starting data 

collection. 

Particle Size Statistics: 

While the size of particles of a monodisperse aerosol is completely defined by a single 

parameter, namely the diameter, this is not the case for a polydisperse aerosol.  Most aerosols 

that are generated are polydisperse, and are characterized by a size distribution.  Here we 

assume that all the liquid particles are spherical with the same density of 0.918 gm/cm3.  

Figure 8.1 shows a typical statistical distribution of a generated oil aerosol.  The dependent 

variable is the concentration, or raw count dN per cubic centimeter, while the independent 

variable is particle diameter in nanometers.  What is important to note about aerosol 

distributions in general is that they do not follow a Gaussian or Normal distribution.  

However, the distribution can be approximated by a log-normal distribution, as is evident in 
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Figure 8.1, note that the independent variable, the diameter, is plotted on a log scale.  In this 

case, the arithmetic mean of the lognormal distribution is equivalent to ln(dg), where dg is the 

geometric mean of the original skewed distribution.  Figure 8.1 shows a lognormal 

distribution of an oil aerosol.  A detailed description of particle size statistics can be found in 

chapter 4 in a book by Hinds. (W. Hinds, Aerosol Technology: Properties, Behavior, and 

Measurement of Airborne Particles, 2nd edition). 

(a) 

 

(b) 

 

Figure 8.1(a), (b): Statistical distributions of oil aerosol. 
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The lognormal distribution is completely characterized by two important parameters: the 

count median diameter or CMD and the geometric standard deviation σg or GSD.  These are 

defined as follows: 

ln
ln i i

g

n d
CMD d

N
 


       8.1 

GSD = 

1
2 2(ln ln )

ln
1

i i g

g

n d d

N


 
    



     8.2 

where N is the total number of particles in a population, and ni is the number of particles with 

diameter di.  So while the mode, mean, and median of the original distribution are not the 

same, they are for a lognormal distribution. 

There is one other noteworthy point that needs to be addressed when talking about particle 

size distributions, and that is the conversion of means and medians between count, surface 

area and mass.  For spherical particles of equal density, the mass is proportional to the 

volume, and so the statistics in the last two columns of Figure 8.1 are the same.  The count is 

a function of diameter or dg, the surface area is proportional to dg
2 and the volume or mass is 

proportional to dg
3.  These are different moment distributions, but for a lognormal 

distribution, the count, area, and mass distributions are all lognormal with the same GSD.  

For example, the mass median diameter is related to the count median diameter or CMD by: 

2exp(3ln )gMMD CMD 
      8.3 

This is one example of the Hatch-Choate conversion equations. 
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Table 8.2 Measured and calculated shape and volume of Type 1 droplets 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

1 1.75 0.875 0.232 1.766 29.7 0.286 0.817 

2 1.813 0.907 0.162 2.617 20.3 0.211 0.739 

3 2.125 1.063 0.155 3.719 16.6 0.277 0.809 

4 2.125 1.063 0.199 2.936 21.2 0.357 0.88 

5 2.188 1.094 0.2 3.092 20.7 0.38 0.899 

6 2.188 1.094 0.211 2.942 21.8 0.402 0.915 

7 2.063 1.032 0.183 2.999 20.1 0.309 0.839 

8 1.75 0.875 0.161 2.458 20.9 0.196 0.72 

9 1.938 0.969 0.167 2.895 19.6 0.249 0.78 

10 2.25 1.125 0.211 3.105 21.2 0.424 0.932 

11 2.125 1.063 0.218 2.698 23.2 0.392 0.908 

12 1.875 0.938 0.146 3.083 17.7 0.203 0.729 

13 2.375 1.188 0.179 4.028 17.1 0.4 0.914 
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Table 8.2 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

14 2.25 1.125 0.191 3.409 19.3 0.383 0.901 

15 2.125 1.063 0.209 2.805 22.3 0.375 0.895 

16 2.875 1.438 0.221 4.786 17.5 0.723 1.114 

17 2.125 1.063 0.214 2.745 22.8 0.385 0.902 

18 2.5 1.25 0.223 3.615 20.2 0.553 1.018 

19 2.375 1.188 0.242 3.035 23 0.543 1.012 

20 2.125 1.063 0.228 2.59 24.2 0.411 0.922 

21 2 1 0.157 3.263 17.8 0.249 0.78 

22 2.5 1.25 0.129 6.121 11.8 0.318 0.847 

23 1.875 0.938 0.171 2.655 20.7 0.239 0.77 

24 2.375 1.188 0.218 3.343 20.8 0.488 0.977 

25 2.375 1.188 0.229 3.193 21.8 0.514 0.994 

26 2.5 1.25 0.214 3.758 19.4 0.53 1.004 
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Table 8.2 Continued  

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

27 2.25 1.125 0.285 2.363 28.4 0.579 1.034 

28 2.25 1.125 0.24 2.757 24.1 0.484 0.974 

29 2.5 1.25 0.278 2.949 25.1 0.694 1.098 

30 2.375 1.188 0.193 3.75 18.5 0.431 0.937 

31 1.875 0.938 0.109 4.086 13.3 0.151 0.661 

32 2.375 1.188 0.188 3.844 18 0.42 0.929 

33 2.375 1.188 0.233 3.143 22.2 0.523 0.999 

34 2.25 1.125 0.23 2.866 23.1 0.464 0.96 

35 2.25 1.125 0.246 2.695 24.7 0.497 0.983 

36 2.375 1.188 0.224 3.26 21.4 0.502 0.986 

37 2.5 1.25 0.215 3.741 19.5 0.533 1.006 

38 2.25 1.125 0.243 2.726 24.4 0.491 0.979 

39 2.375 1.188 0.278 2.675 26.4 0.627 1.062 
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Table 8.2 Continued  

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

40 2.25 1.125 0.17 3.807 17.2 0.341 0.866 

Figure 8.2 Statistic summaries of the width, height, contact angle, volume and effective 

diameter for Type 1 droplets. 
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Table 8.3 Measured and calculated shape and volume of Type 2 droplets 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

1 
1.422 0.711 0.142 1.851 22.6 0.114 0.602 

2 
1.297 0.649 0.109 1.984 19.1 0.073 0.518 

3 
1.281 0.641 0.107 1.971 19 0.07 0.51 

4 
1.438 0.719 0.148 1.82 23.3 0.122 0.615 

5 
1.719 0.86 0.163 2.348 21.5 0.191 0.715 

6 
1.297 0.649 0.095 2.261 16.7 0.063 0.494 

7 
1.281 0.641 0.089 2.349 15.8 0.058 0.479 
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Table 8.3 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

8 
1.547 0.774 0.106 2.875 15.6 0.1 0.576 

9 
1.344 0.672 0.093 2.474 15.8 0.066 0.502 

10 
0.875 0.438 0.041 2.355 10.7 0.012 0.287 

11 
1.281 0.641 0.082 2.542 14.6 0.053 0.466 

12 
1.188 0.594 0.086 2.094 16.5 0.048 0.451 

13 
1.203 0.602 0.073 2.515 13.8 0.042 0.43 

14 
1.219 0.61 0.101 1.89 18.8 0.059 0.484 

15 
1.344 0.672 0.107 2.164 18.1 0.077 0.527 

16 
1.297 0.649 0.095 2.261 16.7 0.063 0.494 

17 
1.219 0.61 0.065 2.89 12.2 0.038 0.417 

18 
1.266 0.633 0.099 2.073 17.8 0.063 0.493 

19 
1.063 0.532 0.057 2.507 12.2 0.025 0.365 

20 
1.094 0.547 0.052 2.903 10.9 0.025 0.36 
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Table 8.3 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

21 
1.156 0.578 0.068 2.491 13.4 0.036 0.409 

22 
1.156 0.578 0.069 2.455 13.6 0.036 0.411 

23 
1.219 0.61 0.064 2.934 12 0.037 0.415 

24 
1.063 0.532 0.043 3.306 9.3 0.019 0.332 

25 
1.125 0.563 0.063 2.543 12.8 0.031 0.392 

26 
1.141 0.571 0.053 3.097 10.6 0.027 0.373 

27 
1.234 0.617 0.075 2.575 13.9 0.045 0.442 

28 
1.406 0.703 0.085 2.95 13.8 0.066 0.502 

29 
1.219 0.61 0.092 2.065 17.2 0.054 0.469 

30 
0.969 0.485 0.026 4.527 6.1 0.01 0.264 

31 
1.141 0.571 0.059 2.788 11.8 0.03 0.387 

32 
1.406 0.703 0.081 3.091 13.1 0.063 0.494 

33 
0.875 0.438 0.039 2.473 10.2 0.012 0.282 
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Table 8.3 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

34 
1.391 0.696 0.069 3.54 11.3 0.053 0.465 

35 
1.484 0.742 0.075 3.708 11.5 0.065 0.499 

36 
1.219 0.61 0.093 2.044 17.4 0.055 0.471 

37 
1.281 0.641 0.106 1.988 18.8 0.069 0.509 

38 
1.281 0.641 0.103 2.043 18.3 0.067 0.504 

39 
1.219 0.61 0.094 2.023 17.5 0.055 0.473 

40 
1.406 0.703 0.107 2.363 17.3 0.084 0.543 

Figure 8.3 Statistic summary of width, height, contact angle, volume and effective diameter 

for Type 2 droplets 
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Table 8.4 Measured and calculated shape and volume of 40 droplets after depositing olive oil 

aerosol for 0.5 hour 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

1 
1.531 0.766 0.176 1.753 25.9 0.165 0.68 

2 
1.375 0.688 0.175 1.438 28.6 0.133 0.633 

3 
1.219 0.61 0.135 1.443 25 0.08 0.535 

4 
1.531 0.766 0.237 1.355 34.4 0.225 0.755 

5 
1.531 0.766 0.193 1.615 28.3 0.181 0.702 

6 
2.063 1.032 0.2 2.76 21.9 0.338 0.865 

7 
1.656 0.828 0.178 2.015 24.3 0.195 0.719 
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Table 8.4 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

8 
1.375 0.688 0.158 1.575 25.9 0.119 0.611 

9 
2 1 0.229 2.298 25.8 0.366 0.887 

10 
1.156 0.578 0.077 2.208 15.2 0.041 0.427 

11 
1.917 0.959 0.255 1.929 29.8 0.377 0.896 

12 
1.125 0.563 0.105 1.559 21.1 0.053 0.465 

13 
1.208 0.604 0.121 1.568 22.7 0.07 0.512 

14 
1.292 0.646 0.13 1.67 22.8 0.086 0.548 

15 
1.357 0.679 0.149 1.619 24.8 0.109 0.594 

16 
1.25 0.625 0.136 1.504 24.6 0.085 0.545 

17 
1.25 0.625 0.136 1.504 24.6 0.085 0.545 

18 
1.982 0.991 0.222 2.323 25.3 0.348 0.873 

19 
0.857 0.429 0.071 1.329 18.8 0.021 0.34 

20 
1.607 0.804 0.205 1.677 28.6 0.212 0.74 
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Table 8.4 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

21 
1.563 0.782 0.196 1.656 28.2 0.192 0.716 

22 
1.438 0.719 0.173 1.581 27.1 0.143 0.649 

23 
1.781 0.891 0.237 1.791 29.8 0.302 0.833 

24 
1.482 0.741 0.177 1.64 26.9 0.156 0.667 

25 
1.446 0.723 0.159 1.723 24.8 0.133 0.633 

26 
1.446 0.723 0.178 1.557 27.7 0.149 0.658 

27 
1.161 0.581 0.09 1.917 17.6 0.048 0.451 

28 
1 0.5 0.082 1.565 18.6 0.032 0.396 

29 
1.234 0.617 0.123 1.609 22.5 0.075 0.522 

30 
1.125 0.563 0.1 1.632 20.2 0.05 0.458 

31 
1.156 0.578 0.083 2.054 16.3 0.044 0.438 

32 
1.525 0.763 0.161 1.886 23.8 0.149 0.658 

33 
1.4 0.7 0.123 2.053 19.9 0.096 0.567 
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Table 8.4 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

34 
1.75 0.875 0.171 2.324 22.1 0.208 0.735 

35 
1.5 0.75 0.11 2.612 16.7 0.098 0.572 

36 
1.85 0.925 0.205 2.189 25 0.28 0.812 

37 
1.1 0.55 0.07 2.196 14.5 0.033 0.4 

38 
1.525 0.763 0.128 2.335 19.1 0.118 0.609 

39 
1.525 0.763 0.118 2.523 17.6 0.109 0.592 

40 
1.55 0.775 0.145 2.144 21.2 0.138 0.642 

Figure 8.4 Statistical summary of width, height, contact angle, volume and effective diameter 

for olive oil droplets when deposition time was reduced to 0.5 hour 
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Table 8.5 Measured and calculated shape and volume of 42 droplets after depositing olive oil 

aerosol on small glass plate for 0.5 hour 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

1 2.594 1.297 0.242 3.597 21.1 0.647 1.073 

2 2.500 1.250 0.219 3.677 19.9 0.543 1.012 

3 2.313 1.157 0.222 3.123 21.7 0.472 0.966 

4 2.563 1.282 0.238 3.569 21.0 0.621 1.059 

5 2.719 1.360 0.26 3.684 21.7 0.764 1.134 

6 2.563 1.282 0.233 3.641 20.6 0.608 1.051 
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Table 8.5 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

7 2.656 1.328 0.261 3.509 22.2 0.732 1.118 

8 3.681 1.841 0.182 9.397 11.3 0.972 1.229 

9 3.056 1.528 0.182 6.505 13.6 0.671 1.086 

10 2.583 1.292 0.134 6.291 11.8 0.352 0.876 

11 2.792 1.396 0.149 6.614 12.2 0.458 0.956 

12 2.000 1.000 0.121 4.193 13.8 0.191 0.715 

13 2.167 1.084 0.124 4.796 13.1 0.230 0.760 

14 1.667 0.834 0.081 4.329 11.1 0.089 0.553 

15 1.750 0.875 0.087 4.444 11.4 0.105 0.585 

16 2.063 1.032 0.148 3.669 16.3 0.249 0.781 

17 1.688 0.844 0.152 2.419 20.4 0.172 0.690 

18 1.563 0.782 0.104 2.988 15.2 0.100 0.577 

19 1.594 0.797 0.116 2.796 16.6 0.117 0.606 



 

98 

Table 8.5 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

20 1.469 0.735 0.126 2.204 19.5 0.108 0.591 

21 1.500 0.750 0.111 2.589 16.8 0.099 0.574 

22 2.156 1.078 0.157 3.779 16.6 0.289 0.820 

23 1.781 0.891 0.168 2.444 21.4 0.212 0.740 

24 1.688 0.844 0.124 2.934 16.7 0.140 0.644 

25 1.906 0.953 0.152 3.064 18.1 0.219 0.747 

26 1.156 0.578 0.099 1.737 19.4 0.052 0.464 

27 1.219 0.610 0.085 2.228 15.9 0.050 0.457 

28 1.156 0.578 0.08 2.128 15.8 0.042 0.432 

29 1.266 0.633 0.107 1.926 19.2 0.068 0.506 

30 1.438 0.719 0.112 2.364 17.7 0.092 0.559 

31 0.969 0.485 0.058 2.053 13.7 0.021 0.345 

32 1.250 0.625 0.097 2.062 17.6 0.060 0.486 
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Table 8.5 Continued 

 

2a 

(μm) 

a 

(μm) 

h 

(μm) 

R 

(μm) 

Contact 

angle 

(degrees) V (fL) 

Effective 

Diameter 

(μm) 

33 1.500 0.750 0.116 2.483 17.6 0.103 0.582 

34 1.563 0.782 0.069 4.460 10.1 0.066 0.502 

35 1.500 0.750 0.139 2.093 21.0 0.124 0.619 

36 1.583 0.792 0.151 2.150 21.6 0.150 0.660 

37 1.208 0.604 0.1 1.874 18.8 0.058 0.480 

38 1.292 0.646 0.101 2.116 17.8 0.067 0.503 

39 1.313 0.657 0.107 2.067 18.5 0.073 0.519 

40 1.188 0.594 0.086 2.094 16.5 0.048 0.451 

41 1.083 0.542 0.072 2.072 15.1 0.033 0.399 

42 1.000 0.500 0.058 2.184 13.2 0.023 0.352 
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Figure 8.5 Statistical summary of width, height, contact angle, volume and effective diameter 

for olive oil droplets when deposited on small glass plate for 0.5h 
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Table 8.6 Each maximum contact angle, minimum contact angle, negative variation and 

positive variation for all 162 oil drops (Volume ascending order) 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

1 0.010 3.4 6.1 9.7 2.8 3.6 

2 0.012 6.7 10.2 14.8 3.5 4.6 

3 0.012 7.1 10.7 15.4 3.6 4.7 

4 0.019 6.4 9.3 12.8 2.9 3.6 

5 0.021 14.2 18.8 24.8 4.6 6.0 

6 0.021 10.1 13.7 18.2 3.6 4.5 

7 0.023 9.8 13.2 17.6 3.4 4.3 

8 0.025 7.9 10.9 14.5 2.9 3.6 

9 0.025 9.1 12.2 16.2 3.2 3.9 

10 0.027 7.8 10.6 14.1 2.8 3.5 

11 0.030 8.9 11.8 15.4 2.9 3.6 

12 0.031 9.7 12.8 16.5 3.0 3.8 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

13 0.032 14.7 18.6 23.6 4.0 5.0 

14 0.033 11.8 15.1 19.3 3.4 4.2 

15 0.033 11.2 14.5 18.5 3.3 4.0 

16 0.036 10.4 13.4 17.1 3.0 3.7 

17 0.036 10.6 13.6 17.3 3.0 3.7 

18 0.037 9.2 12.0 15.3 2.8 3.4 

19 0.038 9.4 12.2 15.5 2.8 3.4 

20 0.041 12.0 15.2 19.1 3.2 3.9 

21 0.042 10.9 13.8 17.4 3.0 3.6 

22 0.042 12.5 15.8 19.7 3.2 4.0 

23 0.044 13.1 16.3 20.4 3.3 4.0 

24 0.045 11.0 13.9 17.4 2.9 3.5 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

25 0.048 13.3 16.5 20.4 3.2 3.9 

26 0.048 13.3 16.5 20.4 3.2 3.9 

27 0.048 14.2 17.6 21.8 3.4 4.1 

28 0.050 12.8 15.9 19.6 3.1 3.7 

29 0.050 16.5 20.2 24.7 3.7 4.5 

30 0.052 15.9 19.4 23.8 3.6 4.3 

31 0.053 8.9 11.3 14.2 2.4 2.8 

32 0.053 17.4 21.1 25.8 3.8 4.6 

33 0.053 11.7 14.6 18.0 2.9 3.4 

34 0.054 14.0 17.2 21.0 3.2 3.9 

35 0.055 14.1 17.4 21.2 3.2 3.9 

36 0.055 14.3 17.5 21.4 3.2 3.9 

37 0.058 12.9 15.8 19.4 3.0 3.5 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

38 0.058 15.4 18.8 22.9 3.4 4.1 

39 0.059 15.5 18.8 22.8 3.3 4.0 

40 0.060 14.5 17.6 21.4 3.2 3.8 

41 0.063 14.6 17.8 21.5 3.1 3.8 

42 0.063 10.6 13.1 16.1 2.5 3.0 

43 0.063 13.7 16.7 20.2 3.0 3.6 

44 0.063 13.7 16.7 20.2 3.0 3.6 

45 0.065 9.3 11.5 14.2 2.3 2.7 

46 0.066 11.2 13.8 16.8 2.6 3.0 

47 0.066 8.0 10.1 12.5 2.1 2.4 

48 0.066 12.9 15.8 19.1 2.8 3.3 

49 0.067 14.7 17.8 21.5 3.1 3.7 

50 0.067 15.1 18.3 22.0 3.1 3.8 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

51 0.068 15.9 19.2 23.1 3.3 3.9 

52 0.069 15.6 18.8 22.6 3.2 3.8 

53 0.070 15.8 19.0 22.8 3.2 3.8 

54 0.070 19.0 22.7 27.1 3.7 4.4 

55 0.073 15.9 19.1 22.9 3.2 3.8 

56 0.073 15.4 18.5 22.2 3.1 3.7 

57 0.075 19.0 22.5 26.9 3.6 4.3 

58 0.077 15.1 18.1 21.6 3.0 3.6 

59 0.080 21.2 25.0 29.6 3.8 4.6 

60 0.084 14.5 17.3 20.6 2.8 3.3 

61 0.085 20.8 24.6 29.0 3.7 4.4 

62 0.085 20.8 24.6 29.0 3.7 4.4 

63 0.086 19.3 22.8 26.9 3.5 4.1 
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Table 8.6 Continued  

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

64 0.089 9.1 11.1 13.4 2.0 2.3 

65 0.092 14.9 17.7 21.0 2.8 3.3 

66 0.096 16.9 19.9 23.5 3.0 3.5 

67 0.098 14.1 16.7 19.7 2.6 3.0 

68 0.099 14.2 16.8 19.9 2.6 3.1 

69 0.100 13.1 15.6 18.5 2.5 2.9 

70 0.100 12.7 15.2 18.0 2.4 2.8 

71 0.103 14.9 17.6 20.7 2.7 3.1 

72 0.105 9.4 11.4 13.6 1.9 2.2 

73 0.108 16.6 19.5 22.8 2.9 3.3 

74 0.109 15.0 17.6 20.7 2.6 3.1 

75 0.109 21.3 24.8 28.8 3.5 4.1 

76 0.114 19.4 22.6 26.3 3.2 3.7 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

77 0.117 14.1 16.6 19.4 2.5 2.8 

78 0.118 16.3 19.1 22.2 2.7 3.2 

79 0.119 22.4 25.9 30.0 3.5 4.1 

80 0.122 20.1 23.3 27.0 3.2 3.7 

81 0.124 18.1 21.0 24.4 2.9 3.4 

82 0.133 21.5 24.8 28.6 3.3 3.8 

83 0.133 24.9 28.6 32.9 3.7 4.3 

84 0.138 18.4 21.2 24.5 2.8 3.3 

85 0.140 14.4 16.7 19.4 2.3 2.7 

86 0.143 23.6 27.1 31.0 3.4 4.0 

87 0.149 24.2 27.7 31.7 3.4 4.0 

88 0.149 20.8 23.8 27.4 3.0 3.5 

89 0.150 18.8 21.6 24.8 2.8 3.2 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

90 0.151 11.3 13.3 15.4 1.9 2.2 

91 0.156 23.6 26.9 30.7 3.3 3.8 

92 0.165 22.7 25.9 29.5 3.2 3.6 

93 0.172 17.9 20.4 23.3 2.6 2.9 

94 0.181 25.0 28.3 32.1 3.3 3.8 

95 0.191 12.0 13.8 15.9 1.8 2.1 

96 0.191 18.9 21.5 24.4 2.6 2.9 

97 0.192 24.9 28.2 31.9 3.2 3.7 

98 0.195 21.4 24.3 27.5 2.8 3.2 

99 0.196 18.3 20.9 23.7 2.5 2.8 

100 0.203 15.5 17.7 20.2 2.2 2.5 

101 0.208 19.5 22.1 25.0 2.6 2.9 

102 0.211 17.9 20.3 23.0 2.4 2.7 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

103 0.212 18.9 21.4 24.2 2.5 2.8 

104 0.212 25.5 28.6 32.3 3.2 3.6 

105 0.219 16.0 18.1 20.6 2.2 2.4 

106 0.225 30.8 34.4 38.6 3.7 4.2 

107 0.230 11.4 13.1 14.9 1.7 1.9 

108 0.239 18.3 20.7 23.3 2.3 2.6 

109 0.249 15.8 17.8 20.1 2.1 2.3 

110 0.249 17.4 19.6 22.0 2.2 2.5 

111 0.249 14.4 16.3 18.5 1.9 2.1 

112 0.277 14.7 16.6 18.7 1.9 2.1 

113 0.280 22.4 25.0 27.9 2.6 2.9 

114 0.286 26.7 29.7 33.1 3.0 3.4 

115 0.289 14.7 16.6 18.6 1.9 2.1 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

116 0.302 26.9 29.8 33.1 2.9 3.3 

117 0.309 18.0 20.1 22.5 2.1 2.4 

118 0.318 10.4 11.8 13.3 1.4 1.5 

119 0.338 19.7 21.9 24.4 2.2 2.4 

120 0.341 15.4 17.2 19.2 1.8 2.0 

121 0.348 22.8 25.3 28.0 2.4 2.7 

122 0.352 10.5 11.8 13.3 1.4 1.5 

123 0.357 19.1 21.2 23.6 2.1 2.3 

124 0.366 23.3 25.8 28.5 2.5 2.7 

125 0.375 20.1 22.3 24.6 2.2 2.4 

126 0.377 27.1 29.8 32.9 2.7 3.1 

127 0.380 18.7 20.7 23.0 2.0 2.2 

128 0.383 17.4 19.3 21.4 1.9 2.1 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

129 0.385 20.6 22.8 25.2 2.2 2.4 

130 0.392 21.0 23.2 25.6 2.2 2.4 

131 0.400 15.4 17.1 19.0 1.7 1.9 

132 0.402 19.8 21.8 24.1 2.1 2.3 

133 0.411 22.0 24.2 26.7 2.2 2.5 

134 0.420 16.2 18.0 19.9 1.8 1.9 

135 0.424 19.3 21.2 23.4 2.0 2.2 

136 0.431 16.7 18.5 20.4 1.8 2.0 

137 0.458 10.9 12.2 13.6 1.3 1.4 

138 0.464 21.0 23.1 25.4 2.1 2.3 

139 0.472 19.8 21.7 23.9 2.0 2.2 

140 0.484 22.0 24.1 26.4 2.1 2.3 

141 0.488 18.9 20.8 22.9 1.9 2.1 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

142 0.491 22.2 24.4 26.7 2.1 2.3 

143 0.497 22.5 24.7 27.0 2.1 2.4 

144 0.502 19.5 21.4 23.4 1.9 2.1 

145 0.514 19.9 21.8 23.9 1.9 2.1 

146 0.523 20.3 22.2 24.3 1.9 2.1 

147 0.530 17.7 19.4 21.3 1.7 1.9 

148 0.533 17.8 19.5 21.4 1.7 1.9 

149 0.543 18.1 19.9 21.8 1.7 1.9 

150 0.543 21.1 23.0 25.2 2.0 2.2 

151 0.553 18.5 20.2 22.2 1.8 1.9 

152 0.579 26.1 28.4 31.0 2.3 2.5 

153 0.608 18.9 20.6 22.5 1.7 1.9 

154 0.621 19.3 21.0 23.0 1.8 1.9 
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Table 8.6 Continued 

 

V 

(fL) 

Minimum 

contact angle (°) 

Contact 

angle (°) 

Maximum 

contact angle (°) 

Negative 

variation 

(°) 

Positive 

variation 

(°) 

155 0.627 24.2 26.4 28.7 2.1 2.3 

156 0.647 19.4 21.1 23.0 1.7 1.9 

157 0.671 12.4 13.6 14.9 1.2 1.3 

158 0.694 23.1 25.1 27.2 2.0 2.1 

159 0.723 16.0 17.5 19.0 1.4 1.6 

160 0.732 20.5 22.2 24.1 1.7 1.9 

161 0.764 20.0 21.7 23.5 1.7 1.8 

162 0.972 10.3 11.3 12.3 1.0 1.0 

 


