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Solvent free microwave extraction (SFME) has been demonstrated to be feasible in 

extraction of essential oils from botanical materials. The benefits are no need for any 

solvent aside from the water naturally in the botanical material and a significant 

reduction in environmental impact for large scale production processes. However, the 

aerosol formed by the microwave energy applied to the plant material is inefficiently 

collected with common condensers. Air coming from the open ends of extraction 

systems creates the boundary layer effects for the condenser, which makes essential oil 

collecting inefficient. To solve this problem, the development of a direct contact 

condenser is in development for the collection step. My research is to model the 

collision between the aerosol particles and the liquid droplets from the spray nozzles 

in the direct contact condenser. The goal in this project is to improve the collection 

efficiency by increasing adequate collision between the two sorts of droplets. Through 

the use of the model program developed, the collection efficiency of direct contact 

condenser will be improved to increase production oil.  

Based on our computation, a bigger oil droplet leads to a greater captured fraction of 

oil aerosol, while the bigger water droplet decreases the captured fraction with fixed 

volume flow rate of water. Meanwhile, an easy way to collect more mint oil is to 

employ a lot of sprays to increase the rows of water droplets. However, this result is 

needed to be justified by more computations with a large number of oil aerosols. 
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     NOMENCLATURE 

Parameter Description Units 

A Heat transfer surface area [m2] 

A0 cluster parameter about SMD estimation [µm-3] 

Aa Antoine Equation Empirical Parameter - 

Ba Antoine Equation Empirical Parameter - 

C Number of chemical species in the system - 

Ca Antoine Equation Empirical Parameter - 

Cp Specific heat capacity [J/(kg*K)] 

𝑑 Distance between an oil aerosol and a water droplet [µm] 

𝒅 
Distance vector between an oil aerosol and a line of water 

droplets at one time node 
- 

D Droplet diameter based on size distribution [µm] 

𝑫 
Distance matrix between an oil aerosol and a line of water 

droplets at one time node (2-D) 
- 

𝑫𝒂 
Distance matrix between an oil aerosol and a line of water 

droplets at all of time nodes (3-D) 
- 

DF Degree of freedom in the system - 

Do Central distance between two oil aerosols [µm] 

Dw Central distance between two water droplets [µm] 

η Condenser recovery efficiency [%] 

𝑓 Total Capture efficiency of oil aerosols - 

𝑓𝑖  fugacity of vapor species i [Pa] 

𝑓𝑖
𝑜 fugacity of vapor species i at reference state [Pa] 

𝑓𝑖
𝑣 fugacity of vapor species i [Pa] 

𝑓𝑖
𝑣,𝑜 fugacity of vapor species i at reference state [Pa] 

𝑓𝑖
𝑙  fugacity of liquid species i [Pa] 

𝑓𝑖
𝑙,𝑜 fugacity of liquid species i at reference state [Pa] 

h Convective heat transfer coefficient [W/(m2*K)] 

ℎ𝑣𝑔 convective heat transfer coefficient across gas boundary layer [W/(m2*K)] 

ℎ𝑚 Convective heat transfer coefficient of steam-air mixture [W/(m2*K)] 

ΔHv Enthalpy of vaporization [kJ/kg] 

k Thermal conductivity [W/(m*K)] 

L Characteristic length [m] 

𝐿𝑒 Lewis number - 

�̇� Mass flow rate [kg/s] 

𝑚𝑠̇  Mass flow rate of steam [kg/s] 

n Number of water droplet lines - 

N The normalized number of droplet  - 

 



 
 

NOMENCLATURE (Continued) 

Parameter Description Units 

 𝑝 Capture efficiency about each line of oil aerosol           - 

P Total system pressure [Pa] 

𝑃𝑖
𝑠𝑎𝑡 Saturated vapor pressure of liquid species i [Pa] 

pgi Pressure above condensing liquid [Pa] 

pgo Pressure in air boundary layer [Pa] 

Ph number of phases in the system - 

�̇� Heat transfer rate [W] 

𝜙 The heat transfer rate without air boundary layer [W] 

𝜙0 The overall heat transfer rate with air boundary layer [W] 

𝜙1 The heat transfer rate based on temperature difference [W] 

𝜙2 The heat transfer rate based on phase change [W] 

r Radius of oil aerosol [µm] 

R Radius of water spray droplet [µm] 

𝑆𝑐 Schmidt number - 

SMD Sauter mean diameter (SMD) [µm] 

𝑃𝑟 Prandtl number - 

𝜌𝑚 Density of mixture [kg/m3] 

ΔT Temperature difference [K] 

ΔTlm Log mean temperature difference [K] 

T Total system temperature [K] 

𝑇𝑔𝑖 Temperature above condensing liquid [K] 

𝑇𝑔𝑜 Temperature in air boundary layer [K] 

𝑇𝑤 Temperature of condensing liquid [K] 

µ𝑖 chemical potential [J /mol] 

µ𝑖
𝑜 chemical potential at reference state [J /mol] 

µi v chemical potential of vapor species i [J /mol] 

  µ𝑖
𝑣,𝑜 chemical potential of vapor species i at reference state [J /mol] 

µi l chemical potential of liquid species i [J /mol] 

  µ𝑖
𝑙,𝑜 chemical potential of liquid species i at reference state [J /mol] 

U Overall heat transfer coefficient [W/(m2*K)] 

v Molar volume [m3/mol] 

�̇� Volume flow rate of water spray from the nozzle [m3/s] 

𝑉𝑐𝑙
̇  Volume flow rate of condensation liquid [m3/s] 

𝑣∞ Velocity of bulk flow [m/s] 

xi Liquid mole fraction - 

yi Vapor mole fraction - 
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1. Introduction 

Essential oil is highly valued currently because of its scent and essence. It has been used for 

bactericidal, insecticidal, medicinal and cosmetic applications (Bakkali 2008). Specially, oil 

extracted from peppermint is frequently used in pharmaceutical industry, for it is effective in the 

treatment of digestive disorders and tension headache. (Kligler and Chaudhary, 2007).  

Peppermint oil extraction has been performed for more than a century. The traditional method in 

oil extraction is steam distillation in a batch process (Hughes, 1952). However, this method turns 

out to be problematic for some reasons. The major problem involves extensive heat loss in the 

distillation process based on the convection and radiation around the pipelines and boiler. This 

increases the energy needed in the distillation process. 

A different technique, solvent-free microwave extraction (SFME), is proposed to take the place 

of steam distillation. In the SFME process, peppermint oil and water in the plant material are 

vaporized by exposure to microwave energy. The cells that store oil on the leaf surface are 

destroyed, allowing the oil/water vapor to quickly reach equilibrium. Little water except that 

from the vegetation is involved in this extraction method. 

Our SFME technique is performed in a continuous system instead of a batch system. This means 

efficiency of extraction can be optimized through continuous feedback of the results from the 

raw material fed into the system. Open ends are needed for feeding materials in this process. 

However, this can introduce air into the microwave system. The boundary layer effect created by 

air, a non-condensable gas, makes the commonly used tube-and-shell condenser inefficient in the 

condensation/oil collection step.  

The direct-contact condenser (DCC) has been studied as a good device to solve this problem. 

The result has been obtained by the trial of a single phase aerosol with a newly designed DCC 

(Pommerenck 2012). At the same time, a scaled-up DCC was proved to increase efficiency of oil 

condensation in the laboratory test (Lebsack 2012). However, this scaled-up DCC did not work 

well during pilot testing (Smith 2013). One possible reason is inadequate collisions between the 

oil aerosol and water spray droplets, which may result a lot of uncollected aerosol particles.  

We attempt to model the collision between the water spray droplets and oil aerosols. This 

computation will be executed in Matlab® computation software. We examine how factors affect 

the resulting captured fraction of oil aerosol, which is helpful for proper condenser design.  
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2. Literature Review 

2.1. Essential oil 

Essential oils, also known as volatile oils, are liquid mixtures of aromatic compounds obtained 

from plants. Volatile oil is "essential" in the sense that it acts as a component of the scent in the 

plant (Patel 2011). Plants containing essential oils are highly valued not only because of their 

agricultural and trade significance, but also based on secondary attributes including their 

characteristic aromatic or therapeutic properties (Sangwan 2001). Therefore, the technique used 

to distill essential oil calls for more attention, for essential oil is widely used for the bactericidal, 

insecticidal, medicinal and cosmetic applications, especially in pharmaceutical, sanitary, and 

food industries (Bakkali 2008). Additionally, Essential oil is proposed to have antioxidant 

properties. Unlike the synthetic antioxidants, Essential oil acting as natural antioxidants is less 

harmful to human health (Amorati 2013).  

Recently, the research in essential oil has revived with the popularity of aromatherapy. This is to 

use concentrated essential oils extracted from plants to aid in the treatment of various diseases 

and maladies. Usually, aromatherapy is administered by massaging into the skin an essential oil 

or mixture. According to a systematic review of the relevant literature, aromatherapy may have a 

small effect on reduction of anxiety. However, these effects on the treatment of anxiety may not 

be strong. (Brian Cooke 2000) 

2.2. Peppermint oil 

Peppermint oil is extracted from leaves of Mentha piperita, which originates in Mediterranean 

countries. Some variants have been developed that grow in many other climates. Two kinds of 

plants, black mint and white mint, are under major cultivation. It is hard for white mint, Mentha 

piperita var officinalis, to survive in harsh conditions. Meanwhile, black mint, Mentha piperita 

officinalis rubescens, yields more essential oil than white mint. There are more investments in 

cultivating the black mint.  (Panda, 2003) 

This oil, with a characteristic odor and pungent taste, is an almost colorless - pale yellow or pale 

greenish-yellow liquid. Mint oil is soluble in 70% ethanol, and may show opalescence (Alankar, 

2009). It is widely used for flavoring in pharmaceutical industry, for mint oil is a natural source 

of menthol. As is demonstrated in the research, the concentration fraction of menthol is relatively 

high (49.43% ~50%) in the commercial oil from mint extract (Golebiowski, 2008). Additionally, 

peppermint oil can be used in the treatment of digestive disorders and tension headache. Mint oil 

is effective in relieving several symptoms of irritable bowel syndrome when coated with enteric. 

It is also effective in treating non-ulcer dyspepsia with the combination of caraway oil (Kligler 

and Chaudhary, 2007).  
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The principle compounds in peppermint oil are Monoterpenes. Typically, more than 90% of 

Monoterpenes can be observed in the content of peppermint oil (Lawrence, 1981). However, the 

chemical composition of mint oil is influenced by some factors, including the environment, 

agricultural practices, growth stage and harvest time (Zheljazkov, 2011). The average 

composition of oil in mint leaves has been tabulated as follows.   

 

 Compound Chemical Structure Percentage 

Monoterpenes (-)-Menthol 

 

47% - 55% 

 (+)-Neomenthol 

 

1% - 3% 

 (-)-Menthone 

 

6% - 32% 

 (+)-Isomethone 

 

1% - 3% 

 1,8-Cineole 

 

3% - 14% 

 (+)-Pulegone 

 

1% - 4% 

 



4 
 

 (+)-Menthofuran 

 

1% - 8% 

 Menthyl Acetate 

 

3% - 29% 

 4-Terpeniol 

 

1% - 5% 

Monoterpene 

Olefins 

Limonene 

 

1 % - 6% 

 Terpinolene 

 

0.1% - 0.2% 

Sesquiterpene Germacrene-D 

 

0.5% - 4.5 % 

Table 2.2.1: Average composition of major compounds in mint leaves (Velasco 2007). 
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2.3. Steam distillation  

There are several kinds of essential oil extraction methods: water distillation, steam distillation, 

supercritical fluid extraction, solvent-assisted extraction, ultrasonic-assisted extraction, and 

solvent-free microwave extraction (Sanford, 2011). Most of these extraction methods are derived 

from steam distillation, which is one of the widely used methods for oil extraction. According to 

Masango’s research in 2004, the proportion of essential oils extracted by steam distillation is 

93% and only 7% is extracted by the other methods. 

Raoult’s Law: 

In order to make fundamental analysis on the steam distillation of essential oil, the Gibbs Phase 

rule needs to be invoked. The Gibbs Phase rule is useful to calculate the degrees of freedom of 

the system at equilibrium, as is shown in Equation 2.3.1 (Felder, 2005): 

DF = 2 + C – Ph                                                              (2.3.1) 

where C is number of chemical species in the system at equilibrium and Ph is number of phases. 

Therefore, two degrees of freedom exists in a two-component vapor-liquid system at equilibrium 

(VLE), which means two variables must be specified to fix the state of this system.  

Another fundamental tool involved in the VLE system is fugacity (𝑓𝑖), which is used to 

mathematically describe chemical potential (µi) or partial molar Gibbs energy. Fugacity is 

defined in the following way (Koretsky, 2012).  

µ𝑖 − µ𝑖
𝑜 = 𝑅𝑇 ln (

�̂�𝑖

�̂�𝑖
𝑜)                                                                       (2.3.2) 

A reference state indicated by a superscript “o” is used for partial molar Gibbs energy. At 

equilibrium, there are equal chemical potentials of the vapor and liquid phase.  

µi 
v 
= µi 

l                                                                                                     
(2.3.3) 

Chemical potentials in the two phases can then be expressed in terms of Equation 2.3.2.  

  µ𝑖
𝑣,𝑜 +  𝑅𝑇 ln (

�̂�𝑖
𝑣

�̂�𝑖
𝑣,𝑜) =  µ𝑖

𝑙,𝑜 +  𝑅𝑇 ln (
�̂�𝑖

𝑙

�̂�𝑖
𝑙,𝑜)                                                        

(2.3.4) 

where the liquid phase is indicated by a superscript “l” and the vapor phase is indicated by a 

superscript “v”. Rearrangement of Equation 2.3.4 gives:  
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  µ𝑖
𝑣,𝑜 − µ𝑖

𝑙,𝑜 =  𝑅𝑇 ln (
�̂�𝑖

𝑣,𝑜

�̂�𝑖
𝑙,𝑜) +  𝑅𝑇 ln (

�̂�𝑖
𝑙

�̂�𝑖
𝑣)                                                        

(2.3.5) 

We can make µ𝑖
𝑙,𝑜

 as a reference state, and apply the rule in Equation 2.3.2 between µ𝑖
𝑣,𝑜

 and µ𝑖
𝑙,𝑜

. 

The left side of Equation 2.3.5 can then be rewritten as 𝑅𝑇 ln (
�̂�𝑖

𝑣,𝑜

�̂�𝑖
𝑙,𝑜), which allows further 

derivation of Equation 2.3.5.  

            𝑅𝑇 ln (
�̂�𝑖

𝑙

�̂�𝑖
𝑣) = 0                                                             (2.3.6) 

or 𝑓𝑖
𝑙 =  𝑓𝑖

𝑣                                                                 (2.3.7) 

Equation 2.3.7 is valid with the ideal assumption of liquid and vapor. This assumption can be 

made when the system is under low pressure and all intermolecular forces are the same between 

compounds. The molar fraction of peppermint oil is less than 1% in our binary system. At such 

low concentration, we can consider the system to follow the ideal liquid and vapor conditions.  

The fugacity of an ideal gas can be described as the following equation.   

 𝑓𝑖
𝑣 = 𝑦𝑖𝑃                                                               (2.3.8) 

where yi is the molar fraction of species i in the vapor phase, and P is the total pressure in the 

system. A reference state, known as the Lewis/Randall reference state, is needed to be chosen for 

the fugacity of liquid phase. For the non-ideal liquid phase, the fugacity can be calculated with 

Poynting correction as in Equation 2.3.9. 

𝑓𝑖
𝑙 = 𝜑𝑖

𝑠𝑎𝑡𝑃𝑖
𝑠𝑎𝑡exp (∫

𝑣𝑖
𝑙

𝑅𝑇
𝑑𝑃

𝑃

𝑃𝑖
𝑠𝑎𝑡

) 

                                                                                                                           (2.3.9) 

The assumption of incompressible liquid leads 𝑣𝑖
𝑙 to be a constant. Therefore, Equation 2.3.9 at a 

fixed temperature is able to be simplified as Equation 2.3.10.  

𝑓𝑖
𝑙 = 𝜑𝑖

𝑠𝑎𝑡𝑃𝑖
𝑠𝑎𝑡exp [

𝑣𝑖
𝑙

𝑅𝑇
(𝑃 −  𝑃𝑖

𝑠𝑎𝑡)] 

                                                                                                                           (2.3.10) 

Making the ideal assumption in our system, the fugacity can be expressed in the following way: 

 𝑓𝑖
𝑙 = 𝑥𝑖𝑃𝑖

𝑠𝑎𝑡                                                             (2.3.11) 
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where xi is the molar fraction of species i in the liquid phase, and 𝑃𝑖
𝑠𝑎𝑡 is saturation pressure of 

species i . Equation 2.3.7 can be substituted with Equation 2.3.8 and 2.3.11, which gives us 

Raoult’s Law.  

𝑦𝑖𝑃 = 𝑥𝑖𝑃𝑖
𝑠𝑎𝑡                                                          (2.3.12) 

Equation (2.3.12) can be applied in our binary mixture – mint oil and water - at equilibrium.  

𝑦𝑜𝑃 = 𝑥𝑜𝑃𝑜
𝑠𝑎𝑡                                                          (2.3.13) 

𝑦𝑤𝑃 = 𝑥𝑤𝑃𝑤
𝑠𝑎𝑡                                                         (2.3.14) 

where the property of peppermint oil and water is indicated by a subscript “o” and “w”. The sum 

of Equation (2.3.13) and (2.3.14) gives the total pressure in VLE system. 

                                              𝑃 = 𝑦𝑜𝑃 + 𝑦𝑤𝑃 = 𝑥𝑜𝑃𝑜
𝑠𝑎𝑡 + (1 − 𝑥𝑜)𝑃𝑤

𝑠𝑎𝑡                        (2.3.15) 

Equation (2.3.15) is very useful in the estimation about boiling point of the mixture, since the 

saturation pressure (𝑃𝑜
𝑠𝑎𝑡) varies from different temperature. The empirical Antoine equation is 

used to describe the relationship between the saturation pressure and temperature. 

𝑙𝑜𝑔10𝑃𝑠𝑎𝑡 = 𝐴𝑎 − 
𝐵𝑎

𝑇 + 𝐶𝑎
 

(2.3.16) 

In the equation above, T refers to the relevant temperature [°C], while Aa, Ba and Ca are the 

constants varying from different substance. Here, the fraction of mint oil in the liquid phase is 

0.01, 𝑥𝑜 in Equation 2.3.15, and the external pressure can be assumed as one atmosphere - 760 

[mmHg]. These two variables are helpful to describe the VLE system under the Phase rule 

analysis. The constants for menthol (A, B and C) are applied to determine the saturation pressure 

of mint oil (𝑃𝑜
𝑠𝑎𝑡), since menthol is the targeted component in peppermint oil extraction. 

 
A B C 

Water[mmHg] 8.07 1730.63 233.426 

Menthol[mmHg] 8.25857 2405.946 235.297 

Table 2.3.1 the constants for water and menthol in Antoine Equation (DDBST GmbH, 2014; Philip Morris, 1995) 

After applying Antoine Equation in Equation 2.3.15, we are able to obtain an equation for the 

boiling temperature (T). 
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10
𝐴𝑜− 

𝐵𝑜
𝑇+𝐶𝑜 ∗ 𝑥𝑜 + (1 − 𝑥𝑜) 10

𝐴𝑤− 
𝐵𝑤

𝑇+𝐶𝑤 = 𝑃𝑎𝑡𝑚                        (2.3.17) 

The equation above was solved by using Matlab®, and the boiling point of mixture is calculated 

to be 100.36 °C. When compared with the boiling point of mint oil - 215[°C], great decrease of 

boiling point takes place in steam distillation. Most essential oil molecules are thermally 

unstable, and much of the thermal decomposition of the components in essential oils can be 

avoided at this much lower temperature.  

Steam distillation process: 

Generally, essential oil has high boiling temperature. Most of compounds in peppermint oil tend 

to decompose if we distill them at such high temperature. Therefore, normal distillation of the oil 

directly from the raw material is not a feasible method if one wants to retain these thermally 

sensitive compounds. Instead, steam distillation is a useful method to extract these compounds 

with high boiling temperature with little decomposition of the constituents in the mint oil. When 

the created steam is directed to the material from peppermint, the essential oil molecules tend to 

be transported by the steam without any damage to these delicate compounds. At this point, the 

final product is a mixture of water/oil vapor. In order to recover the liquid form of the product, a 

condensation step is needed. Monoterpenes, the major constituents of mint oil, are slightly 

soluble in water and have a lower density. For example, the water solubility of menthol is 420 - 

500 [mg/L] (20°C), and the density is about 0.9 [g/cm
3
] (20-25°C). Therefore, essential oil will 

float on the top of the solution after the condensation step. Hence, the raw oil can be isolated 

from condensation product with a conical separator employing this density difference and 

delivered for further purification. The optimal temperature range of this separation is 42 to 46°C 

(Lawrence, 2006). This idea is further enhanced by Lebsack’s research (2012). He maintains this 

temperature leads to the highest specific gravity difference of mint oil and water, as well as the 

least thermal degradation of oil. This will lead the most efficient separation of the liquid mixture. 

Steam distillation device: 

The first step of peppermint oil distillation is the hay creation. After being dried, the plant is 

chopped and the mint hay is generated. Hay is then shipped to the facility for steam distillation. 

Significant work with the objective of improvement in the field distillation of mint oil was 

finished in 1952 at Oregon State University. In the status report of this project, two kinds of 

distillation facilities were identified by Dr. Hughes, a professor in the Mechanical Engineering 

department of Oregon State University (1952).  
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Figure 2.3.2   Distillation facility with stationary tub and open drip condenser (Hughes, 1952). 

 

Figure 2.3.2 is a flow diagram of a distillation facility where the tub is stationary and the 

condenser is a type of open drip. In this device, stationary round tubs are used to load the hay of 

mint, and the tub can be removed by the crane or conveyor. Usually, the steam is generated when 

one or two layers of hay are added in the tub. This guarantees to wilt the lower portion of hay 

pack with more added on top.  

The tub is connected to an open drip-type condenser coil. This coil is used to direct the vapors to 

the vertical plane in the separating can. Cooling water is allowed to drip from the trough above 

the coil. In this way, heat of the vapor can be removed by water around the coil, which helps 

mint oil recovered by the vapor mixture.  

The separating can is another important unit in this device, which was normally buried in the 

ground. Water generated from the steam settles on the bottom of this can and is directed out of 

the device by the drainage pipe. The peppermint oil rising to the top of the can was sent to 

another device for further separation via the oil removal pipe. 
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Figure 2.3.3   Distillation device with a non-stationary tub and a submerged condenser (Hughes, 1952). 

Figure 2.3.3 shows another type of distillation device with a non-stationary tub and a submerged 

condenser. The rectangular tub is acting as the load of hay in this facility, but this tub is non-

stationary, which is mounted on a trailer or a flat-bed trunk. The steam enters the tub through the 

pipes on the bottom and travels. The submerged condenser shares the similar structure with shell 

and tube condenser. The condensate is collected in the lower header of the condenser and drain 

into the separating can. There is a horizontal baffle in the can, which restricts the oils horizontal 

movement and causes it to rise to the collecting chamber on top of the separating can. 
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2.4. Solvent-free Microwave Extraction 

Microwaves are electromagnetic waves with a frequency from 300 MHz to 300 GHz. This 

energy is able to be absorbed by water in the plant, because water has a degree of electric charge 

polarization, acting as a “dipole molecule”. One end of the water molecule is somewhat 

positively charged and the other is negatively charged. As the wave energy is absorbed, the water 

molecule will rotate in the oscillating electromagnetic field created by microwave. In other 

words, microwave energy activates the molecule very similarly to direct thermal excitation. As is 

noted in the kinetic theory, heat indicates the microscopic motion. Therefore, heat is generated in 

terms of the motion. This increasing energy leads to water boiling and undergoing a phase 

change. The essential oil also vaporizes into the steam generated from water in the leaves of 

peppermint. 

At the same time, the essential oil will be more easily extracted as evidence shows that the oil 

storage cavities are destroyed by microwaves. The disruption of the lipid bilayer oil sacs enables 

more contact between the essential oil and steam, which allows the rapid development of an oil-

saturated vapor. This assumption about the oil sacs can be verified by the Scanning electron 

microscopy (SEM) pictures of the peppermint leaf in Figure 2.4.1. The SEM picture in part a) 

was taken before microwave extraction, which shows the intact oil sacs in the leaf. The one in 

part b) was taken after microwave extraction. We can observe the collapsed oil sacs after 

microwave extraction occurred in the leaf.  

  

       (a)          (b) 

Figure 2.4.1: Peppermint Leaf SEM pictures (Velasco 2007). 

(a) Scanning electron microscope image of the peppermint leaf prior to microwave extraction.   

(b) Scanning electron microscope image of the peppermint leaf after microwave extraction.  

Figure 2.4.2 is the flow diagram used to explain the microwave extraction process for essential 

oil. Here, a continuous process is introduced in the extraction, which means that the continuous 

feed of hay can be performed by the conveyor belt. Instantaneous feedback in this continuous 

process allows the operator to change process condition in order to obtain maximum production 
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of the essential oil. Also, the process automation controller can be applied to change the hay feed 

based on feedback, which is helpful to increase the yield of mint oil.  

 

Figure 2.4.2: Flow Diagram about continuous Microwave Extraction Process of mint 

Mint hay is fed into the microwave cavity on a conveyor belt. The generated vapor mixture of 

essential oil and water is transported to the condenser via a blower. This blower is equipped with 

a variable frequency drive (VFD), which is useful to control the flow of vapor mixture. Usually, 

a tube and shell condenser is used in the steam extraction, while the direct contact condenser is 

proposed to be used in the continuous SFME process. This is because the open end in the 

continuous extraction system introduces a non-condensable gas (air), which dramatically reduces 

the effectiveness of tube and shell condensation. The detailed analysis about the condenser is 

made in Section 3. 

The main component of the mint oil is menthol, which gives the product cooling and other 

analgesic properties as well as much of the mint flavor. Therefore, it is the most desirable 

chemical in the extraction process. However, the menthol molecule may convert to menthone 

due to the possible oxidization reaction at the slightly higher temperature in the steam 

distillation. The menthol may decrease in the final product of the mint oil. The menthol is less 

likely to be oxidized in the microwave extraction, and less undesired components is generated in 

the extract.  This is because it is subject to a slightly lower temperature excursion for a much 

shorter period of time.   

  

(a) Menthol (b) Menthone 

Figure 2.4.3 : Important Components in the Peppermint Oil 
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Vapor Mixture

75 [kW]
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In the pilot scale field trial in Oregon, Gas chromatography (GC) was employed to determine the 

composition of the essential oil. A summary of the results has been shown in Figure 2.4.4. The 

menthol dominates in the product from SFME (more than 50%), while there is a lower portion of 

menthol (less than 40%) in the conventional steam distillation from the same mint hay. It means 

less oxidation of menthol takes place in SFME process 

 

Figure 2.4.4: GC Analysis of the Peppermint Oil (Hackleman, 2009) 
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3.  Condenser Design 

Condensation is a common phenomenon about a phase change from vapor to liquid. However, 

this process is very difficult of explain with exact description, because a lot of factors should be 

taken into consideration, such as surface tension, latent heat of vaporization, and other properties 

of the VLE systems (Welty, 2008).  

Usually, a vapor is condensed when it contacts a surface at a lower temperature than this vapor. 

When condensation happens on the surface, liquid may flow down due to gravity and surface 

free energy. This will result in a liquid film along the surface. Therefore, this process is called 

film condensation.  

 

Figure 3.1: The film condensation (Laura Meilander, 2010) 

This picture describes the film condensation. We show that the temperature of the vapor condensed 

on the surface decreases with the decreasing distance to the wall. 

Another kind of condensation, “dropwise” condensation, occurs when liquid condensate does not 

uniformly wet the dry surface. Here, some droplets of condensate may appear at some points on 

the surface. With the growth of each droplet, extensive coalescence between droplets results in 

formation of a condensate “rivulet”. The condensate leaves the surface under the influence of 

adhesive force and gravitational force. Usually, a lot of droplets in a leaving path are captured 

into a rivulet of liquid. As a result, the surface will return to a dry condition.  

Normally speaking, a fairly high heat transfer rate is obtained in dropwise condensation, usually 

6 to 18 times of the rate in film type condensation. The reason is the lack of thermal resistance in 

heat transfer for dropwise condensation based on the direct contact between the droplet and the 

surface, resulting in large heat transfer rates in this type of condensation (Perry, 2008). However, 

it is not so easy to maintain such large heat transfer rate in dropwise condensation. Most current 
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condensers are dominated by film processes because of the conservative design for low heat 

transfer rate (Welty, 2008).  

The phase change of the vapor to its liquid form is the ultimate goal of a condenser, and the 

process is performed by cooling the substance. In this way, its latent heat transfers to the coolant 

in the condenser. There are two kinds of condensers discussed in this thesis – surface condenser 

and direct contact condenser. Surface condensers utilize the heat exchanger concept in which a 

cool fluid is used in heat removal from a vapor. One typical surface condenser is the shell-and-

tube condenser. In our case, the oil/water vapor is condensed in the tube, which can be connected 

to another operation unit for the further treatment of essential oil. A direct contact condenser 

removes heat from a vapor by spraying a cool liquid into the vapor directly.  

3.1. Shell and tube heat exchanger 

The shell and tube heat exchanger is a simple, but effective design for heat transfer. This device 

is constructed with a cylinder shell including several tubes inside. One fluid (example: steam) 

travels through the tube while other one (example: water) travels on the outside of shell. As a 

result, heat transfer takes place between two fluids through the wall of pipe. The overall heat 

transfer rate can be described in the following way (Welty, 2008). 

�̇� = �̇�𝐶𝑝∆𝑇                                                                  (3.1.1) 

In this equation, �̇� is the heat transfer rate, �̇� is mass flow of fluid, Cp is heat capacity of fluid, 

and ∆𝑇 is the temperature difference between the input and output streams. This is very useful 

for evaluation of heat exchanger performance, which can also be expressed by the following one.  

�̇� = 𝑈𝐴∆𝑇𝑙𝑚                                                                 (3.1.2) 

where 𝐴 is the area normal to the direction of flow, 𝑈 is the overall heat transfer coefficient, and 

∆𝑇𝑙𝑚 is the log mean temperature difference of two fluids on each side. 

∆𝑇𝑙𝑚 =
∆𝑇1 −  ∆𝑇2

𝑙𝑛(∆𝑇1 /∆𝑇2)
 

    (3.1.3) 

We may use 𝑈 to evaluate performance of the heat exchanger. A high value of this coefficient 

indicates the exchanger is performing well. Heat transfer in shell and tube heat exchanger takes 

place by conduction and convection from a hot fluid to a cold one through the wall in the pipe, 

and the overall heat transfer coefficient of a pipe can also be estimated in the following way. 

𝑈 =
1

𝐴0

𝐴𝑖ℎ𝑖
+

1
ℎ0

+
𝐴0

2πkL
ln (

𝑟0

𝑟𝑖
)

 

                                                                                                                                                 (3.1.4) 
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In this equation, the outside region of pipe is indicated with a subscript “o”, while the inside 

region of pipe is referred as a subscript “i”. 𝐴 is the area of pipe, ℎ is the convective heat transfer 

coefficient, 𝑘 is the conductive heat transfer coefficient of the pipe and 𝐿 is length of the pipe. 

As is noticed, there is a discrepancy from real case when log mean method (Equation 3.1.2) is 

employed to predict the heat transfer rate in the condenser. In this case, the latent heat associated 

to phase change plays a significant role in the heat transfer rate. The mathematical description of 

latent heat is Equation 3.1.5.  

�̇� = �̇�∆𝐻𝑣                                                                  (3.1.5) 

where ∆𝐻𝑣 refers to enthalpy of vaporization. As is shown in Figure 3.1.1, the counter-current 

configuration is used for mint oil distillation with cooling water travelling in the shell. 

 

 

Figure 3.1.1: Shell and Tube Heat Exchanger (Smith, 2013) 

This schematic is a depiction of a typical shell and tube heat exchanger. The countercurrent 

configuration is for the flow of hot steam (Red) and cooling water (Blue). Temperature of cooling 

water is increasing due to the heat released by steam condensation.  

This shell and tube condenser is not efficient enough to condense much oil/water vapor. As is 

mentioned in the field trial about microwave extraction of mint oil (Hackleman, 2009), no mint 

oil was received in the separator unit. However, there was a distinct odor of mint oil in the outlet 

steam when the condenser line was disconnected. Air, introduced by extraction system, strongly 

deteriorated the condensation process. In order to set continuous extraction system of essential 

oil, two open ends are established at the entrance and exit of microwave extraction unit, which 

allows air to enter into the vapor mixture. The performance of shell and tube condenser is 

deteriorated with air, a non-condensable gas, since a boundary layer exists in the vapor phase 

along the wall of tube.  

Condensate 

Cold 

Water 

Hot 

Water 

Steam 



17 
 

 

Figure 3.1.2: The boundary layer model of condensation on the wall of tube 

This graph is a depiction of the boundary layer model of condensation on the wall of tube. The red 
line indicates boundary layer, which is formed due to the presence of air. The black line indicates 

the liquid-air interface. (Tgo > Tgi >Tw) 

In the presence of this boundary layer, the aerosol in the non-condensable gas must diffuse to the 

liquid-air interface through this layer (Krzysztof, 2007). The partial pressure of non-condensable 

gas increases from the value in the bulk to the value at the phase interface. Given the constant 

total pressure in the system, the partial pressure of condensable vapor (pgo) decreases as it 

reaches the liquid-air interface (pgi). As a result, the corresponding saturation temperature is 

lower than the one without non-condensable gas, which leads to lower heat transfer rates.  

We may consider the best case, no air in the condenser. The heat flux across the liquid film is 

able to be described with the following equation. 

𝜙 = ℎ𝐴 (𝑇𝑔𝑜 −  𝑇𝑤)                                                       (3.1.6) 

where 𝜙 is the convective heat transfer rate from the oil/water vapor to the liquid, A is cross area 

of the tube, 𝑇𝑤 is the temperature in the liquid, ℎ is the convective heat transfer coefficient from 

the vapor phase to the liquid phase and 𝑇𝑔𝑜 is the temperature in the vapor phase – the same as 

the saturation temperature of pure steam (𝑇𝑠𝑎𝑡−𝑝𝑠). 

If there is a non-condensable gas in the condenser, the temperature in the gas phase (𝑇𝑔𝑖) is the 

same as the saturation temperature of the vapor-gas mixture (𝑇𝑠𝑎𝑡−𝑚). The temperature is lower 

than 𝑇𝑠𝑎𝑡−𝑝𝑠 based on lower partial pressure of steam. We assume the constant convective heat 

transfer coefficient, and heat transfer rate across the liquid film in the presence of air is able to be 

described with the following equation. 

  𝜙0 = ℎ𝐴 (𝑇𝑔𝑖 −  𝑇𝑤)                                                      (3.1.7) 
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The ratio of the two kinds of rates can be obtained by combining Equations 3.1.6 and 3.1.7  

𝜙0

𝜙
=  

ℎ𝐴 (𝑇𝑔𝑖 −  𝑇𝑤)

ℎ𝐴 (𝑇𝑔𝑜 −  𝑇𝑤)
=  

𝑇𝑔𝑖 −  𝑇𝑤

𝑇𝑔𝑜 −  𝑇𝑤
  

(3.1.8) 

𝑇𝑔𝑜 is higher than 𝑇𝑔𝑖, so this ratio is less than 1. It means greater heat transfer rate without non-

condensable gas. We may make some further analysis about the heat transfer in the presence of 

air. There are two components in the heat transfer to the liquid film.  

𝜙0 = 𝜙1 + 𝜙2                                                      (3.1.9) 

One is heat transfer across air boundary layer; the other is latent heat of vapor condensation. The 

mathematical form of the former component is shown in the following equation.  

𝜙1 = ℎ𝑣𝑔𝐴(𝑇𝑔𝑜 −  𝑇𝑔𝑖)                                           (3.1.10) 

The latter component is estimated with Equation 3.1.5, with 𝑚𝑠̇  as the mass flow rate of vapor 

condensation, and  ∆𝐻𝑣 as the enthalpy of vaporization with units (kJ/kg). 

𝜙2 = 𝑚𝑠̇ ∆𝐻𝑣                                                  (3.1.11) 

The unknown variable in the equation is the mass flow rate [kg/sec]. In order to determine this 

variable, we can determine molar flux of vapor to the liquid-air interface [mol/(m
2
·sec)] with the 

law of mass transfer in the system (Welty, 2008). 

𝑁𝑠 = 𝐶𝑚𝑘𝑐,𝑚 ln (
𝑃 − 𝑃𝑔𝑜

𝑃 − 𝑃𝑔𝑖
) 

                                                  (3.1.12) 

where 𝐶𝑚 is molar concentration of the vapor-air mixture, and 𝑘𝑐,𝑚 is the convective coefficient 

of mass transfer. It is noticeable that the flux is negative (pgo > pgi), since the mass of steam 

flows opposite to the x-direction. The absolute value of flux is used for further calculation in the 

mass flow rate of condensate, which can be obtained in the following equation.  

𝑚𝑠̇ = 𝑀𝑊𝑁𝑠𝐴 = 𝑀𝑊𝐶𝑚𝑘𝑐,𝑚 𝐴ln (
𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
) = 𝜌𝑚𝑘𝑐,𝑚 𝐴ln (

𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
) 

                                                      (3.1.13) 

where 𝑀𝑤 is the molecular weight of mixture, and 𝜌𝑚 is the density of mixture. In order to relate 

mass flow rate to heat transfer rate, the convective heat transfer coefficient is derived in terms of 

𝑘𝑐,𝑚. The Lewis analogy is applied here. 

𝑗𝑚 = 𝑗ℎ                                                                (3.1.14) 
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where the parameters in this equation is j-factor of mass and heat in the analogy. The equation 

can be changed into another form.  

𝑘𝑐,𝑚

𝑣∞
𝑆𝑐

2
3 =

ℎ𝑚

𝜌𝑚𝑐𝑝,𝑚𝑣∞
𝑃𝑟

2
3 

                                                               (3.1.15) 

where 𝑣∞ is the bulk velocity, ℎ𝑚 is the convective heat transfer coefficient of mixture, 𝑐𝑝.𝑚 is 

the heat capacity of mixture, 𝑆𝑐 and 𝑃𝑟 are the Schmidt and Prandtl numbers of the mixture. 

𝑘𝑐,𝑚 is able to  be solved with this equation. 

𝑘𝑐,𝑚 =
ℎ𝑚

𝜌𝑚𝑐𝑝,𝑚
(

𝑆𝑐

𝑃𝑟
)

2
3 =

ℎ𝑚

𝜌𝑚𝑐𝑝,𝑚
𝐿𝑒

2
3 =

ℎ𝑚

𝜌𝑚𝑐𝑝,𝑚
 

                                                          (3.1.16) 

where 𝐿𝑒 is the Lewis number of mixture, approximately 1 for steam (Tremblay, 2000). We can 

plug it into Equation 3.1.13, and it leads to an equation about latent heat of vapor condensation. 

𝜙2 =
ℎ𝑚𝐴

𝑐𝑝,𝑚
∆𝐻𝑣 ln (

𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
) 

                                                      (3.1.17) 

Additionally, we can combine Equations 3.1.7, 3.1.10, 3.1.17 and 3.1.9.  

ℎ𝐴 (𝑇𝑔𝑖 −  𝑇𝑤) = ℎ𝑣𝑔𝐴(𝑇𝑔𝑜 −  𝑇𝑔𝑖) +
ℎ𝑚𝐴

𝑐𝑝,𝑚
∆𝐻𝑣 ln (

𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
) 

                                                                 (3.1.18) 

The equation ℎ𝑣𝑔 =  𝜉ℎ𝑚 is used in Equation 3.1.18, where 𝜉 is a correction factor for the vapor 

stopping at the phase interface, instead of flowing along the wall of tube. The final equation we 

obtained is in the following form (Stephan, 1992). 

𝑇𝑔𝑖 −  𝑇𝑤 =
ℎ𝑚

ℎ
[𝜉(𝑇𝑔𝑜 −  𝑇𝑔𝑖) +

∆𝐻𝑣

𝑐𝑝,𝑚
ln (

𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
)] 

                                                                 (3.1.19) 

If there is diluted non-condensable gas in the system, the partial pressure of vapor is almost the 

same as the total pressure (𝑝𝑔 → 𝑝). Therefore, latent heat of vapor dominates the heat transfer. 

Meanwhile, the second term on the right of Equation 3.1.19 will be fairly large, and the equation 

can be approximated as 

𝑇𝑔𝑖 − 𝑇𝑤 =
ℎ𝑚∆𝐻𝑣

ℎ𝑐𝑝,𝑚
ln (

𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
) 

                                                                 (3.1.20) 
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We can substitute Eqn 3.1.20 into Eqn 3.1.8. The ratio of heat transfer rate is  

𝜙0

𝜙
=  

𝑇𝑔𝑖 −  𝑇𝑤

𝑇𝑔𝑜 − 𝑇𝑤
=  

ℎ𝑚∆𝐻𝑣

ℎ𝑐𝑝,𝑚(𝑇𝑠𝑎𝑡−𝑝𝑠 −  𝑇𝑤)
ln (

𝑃 − 𝑃𝑔𝑖

𝑃 − 𝑃𝑔𝑜
) 

(3.1.21) 

Eqn 3.1.21 can be rewritten in terms of mass flow rate (𝑚𝑠̇ ).  

𝜙0

𝜙
=  

𝑚𝑠̇ ∆𝐻𝑣

ℎ(𝑇𝑠𝑎𝑡,𝑝𝑠 −  𝑇𝑤)
 

(3.1.21) 

The above equation indicates that a large heat transfer rate can be obtained with large velocity or 

mass flow rate. This can be accomplished by forced convection of vapor. Therefore, the effect of 

air for condensation is more significant in the stagnant mixture than in the one in the forced 

convection. This explains the inefficient condensation in the shell and tube condenser. The flow 

in the tube is not turbulent and hence it is limited to diffusion instead of forced convection. This 

conclusion had been proven by the following plot about the influence of non-condensable air.  

 

Figure 3.1.3: The influence of non-condensable air in steam (Minkowycz and Sparrow 1966, 

Sparrow et al. 1967). 
The temperature difference between the bulk mixture and the cooling surface is kept constant at 10°C. The 

ordinates indicate the ratio of the heat flux with non-condensable air present to the one with pure steam. 
The presence of air is most noticeable in the stagnant bulk mixture. The heat transfer rate has reduced by 

more than 50 per cent with 0.5 percent of air (mass fraction), while the heat transfer rate in forced 

convection condensation is much less sensitive to the presence of air. 
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3.2 Direct Contact Condenser 

The direct contact condenser (DCC) is used to perform vapor condensation by introducing cool 

fluid in the direct contact with the vapor. There are three kinds of DCC - the bubble type, the 

drop type and the film type (Jacobs and Fannar, 1977). The variance on the form of cool fluid 

leads to these three distinct types of condensers. In the bubble type of condenser, condensing 

vapor is injected to a pool of cool fluid. In the drop type of condenser, the spray of cool fluid is 

used in vapor condensation. In the film type of condenser, the curtain of cool fluid is used to 

contact the condensing vapor. 

 

Figure 3.2.1: the drop type of direct contact condenser (Lebsack, 2012) 

The most common type of DCC is the drop type. Figure 3.3.1 is a depiction for the drop type of 

DCC where the vapor condensation takes place on the spray of cool liquid. The uncondensed 

vapor leaves this system from the vent on the top of the condenser. In our case, the drop type of 

DCC is just employed to “capture” oil aerosol with the collector of water spray droplet, for major 

mixture vapor (oil/water) is condensed by cool air before transporting to the DCC. 

The direct contact condenser has some advantages when compared to the shell and tube heat 

exchangers. These advantages include simplicity of design, lower capital and maintenance costs, 

very high specific transfer areas and higher heat transfer rates (Nadig, 1984). As is mentioned 

before, the shell and tube condenser was unable to effectively condense the peppermint oil in the 

SFME field test based on the boundary effect of non-condensable air (Hackleman, 2009). A new 

“scrubber” - the DCC was designed to increase efficiency of vapor condensation. The laboratory 

test on this new designed condenser showed vast improvements in mint oil capturing efficiency 

when compared to a tube and shell condenser (Pommerenck, 2011). 
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Lebsack expanded on Pommerenck’s work and made some improvements on condenser design, 

and took some measurements in recovery efficiency of this condenser in 2012. The performance 

of the condenser was evaluated effectiveness of condenser was recovery efficiency (η), which is 

defined in Equation 3.3.1. 

(2.2.1

) 
𝜂 =

𝑚𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒

𝑚𝑠𝑡𝑒𝑎𝑚
 (3.3.1) 

where mcondensate is the condensate mass, and msteam is the mass of total steam.  

 

Figure 3.2.2 : the efficiency comparison between the different number of nozzles in DCC and 

Tube-and-shell condenser (Lebsack, 2012) 

 

The results of Lebsack’s research are plotted in figure 3.3.2. This plot suggests much greater 

efficiency in the direct contact condenser than the one in tube-and-shell condenser, which agrees 

on the conclusion of Hackleman’s field trial report in Stayton (2009). 
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4. Computation model 

4.1 Physical system of the computational model 

The goal in this project is to establish a model of extensive droplets collision at the microscopic 

level. In order to set a fundamental model, the physical system is only involved in one string of 

oil aerosols and multiple lines of water spray droplets.  

 

 

 

 

 

 

 

 

 

Figure 4.1.1: The schematic depiction about physical system of droplets collision 

The black circle in Figure 2.2 indicates oil aerosol, while the red spot indicates water spray 

droplet. The so-called “oil aerosol” is dominated by water, and a little essential oil (less than 1%) 

is included. This droplet is converted from the oil/water vapor. Cool air introduced by the open 

ends of extraction system mixes with oil/water vapor and causes condensation. This results in an 

aerosol containing oil at 70°C [referred to as “condensed steam” below]. (Detailed estimation 

about temperature is included in Appendix A). This aerosol is assumed to be fully condensed and 

each droplet is formed from the steam in a 70°C 100% relative humidity mixture. The mixed 

aerosol then travels to the direct contact “condenser” where the water droplets collide with these 

droplets of condensed steam (water) with oil in them. As is shown in Figure 3.3.1, there are two 

vents in the DCC - one is for the air outlet, while the other is for the “condensate” outlet. The 

liquid droplet, generated from the collision of spray water and water droplet from steam 

condensation (oil aerosol), tends to move down due to its gravity and leaves from the vent of 

condensate. If the water droplet from the steam condensation is not captured through this 

collision process, it will continue up and out of the “condenser” in the air stream.   
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4.2 The assumption for the condensation model 

The first assumption is about droplet size. Although the size varies from one droplet to another, 

for the development of the model, we make a uniform radius assumption. Here, “R” refers to the 

radius of water droplet, while “r” refers to the radius of oil aerosol. More analysis about droplet 

size will be discussed in Section 4.3, and the part about droplet size distribution function will be 

provided in Section 8.1. 

The second assumption is that of inelastic collisions in the whole process with instant coalesce 

taking place at the time of droplets collision. In this way, oil aerosol can be collected when it 

contacts the water droplet. This assumption is helpful for further simplification of this collision 

model, since we do not have to consider possible bounce of droplets. There are two important 

factors affecting the outcomes of droplet collisions – size ratio and Weber number of the small 

droplet (to be discussed in Section 8.3). 

 

Figure 4.2.1: the spray nozzle unit in the direct contact condenser (Takahashi, 2001) 

Figure 4.2.1 depicts the structure of liquid flow from the cone nozzle. There are some spiral 

channels in the nozzle. When fluid pressure is applied to the nozzle, the liquid passing the 

channels tends to continue its movement tangentially. As a result, the liquid discharges into a 

spray sheet of flow. After moving some distance, the sheet breaks into droplets when the internal 

force of coalescence is overcome. As is shown in the figure, there are two distinct regions in the 

spray flow of the liquid - a continuous liquid sheet region and a droplet region. As for the sheet 

region, the interaction between oil aerosols and liquid sheet may lead to a complicated model, 

and we will not discuss it here. Our model focuses on oil aerosols collected by water sprays in 

the droplets region of the liquid flow due to their collision. Also, we assume that air flow does 

not affect the droplet’s movement. In other words, the oil aerosol retains its horizontal movement 

and the water droplet keeps their vertical movement as shown in Figure 4.1.1.  

Additionally, the flow of water spray is assumed to be fully developed. The inlet effect on the 

aerosol into the condenser is not considered in this model.  The velocity estimated initially for 
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both the water droplets and the oil aerosol in a prototype unit constructed was on the order of 10 

m/sec, (which can also be written as 10 [μm/μs]).  Detailed calculations that led to these velocity 

estimates are included in Appendix A. This is a relatively high velocity, and may lead to some 

collapse of the droplets due to air induced frictional drag, yet after the initial droplets in a stream, 

the subsequent ones may have far less collapse as eddy currents are formed in the media.  For 

our model however, we assumed that the droplets kept spherical shape.  Since the height of 

condenser is only 30 inches (76.2 cm), the residence time is rather short.  Further assumed was 

that little change takes place in the velocity.   

An isotropic system is assumed with droplets, which means uniform distance exists in all 

directions for each kind of droplet. 

 

 

 

 

 

 

Figure 4.2.2: The schematic depiction about distance between droplets 

 

4.3 The computational method of the model program 

Our goal in this model is to calculate captured fraction of oil aerosols in the “condensation” 

process. Technically, this process is not actually “condensation” but more properly called 

“coalescence”.  Similarly, oil aerosols are actually small water droplets with oil in them, which 

has been condensed from the vapor by the incoming air. As is assumed, the oil aerosol is 

collected by the water droplet when collision takes place. (A note in passing:  the oil aerosols are 

actually small water droplets with oil in them, which has been condensed from the vapor by the 

incoming air.  Before further refinement of the model can take place, an understanding of the 

effect of the oil on the surface free energy of the droplet as well as the dynamics of formation 

would be interesting! )  With this simple model, we are able to calculate the center-to-center 

distance between oil aerosol and water droplets. The two kinds of droplets will contact each 

other when their center-to-center distance is less than the sum of their radii (d < Rs = R + r). At 

that time, the oil aerosol is assumed to be collected instantly. We begin with a Two-Dimension 

model based on our previous assumptions.  

Dw 

Dw 

Dw 

Dw 

Do Do 
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Figure 4.3.1: The schematic depiction of the collision model 

The Cartesian coordinate system can be established for droplets in the model as Figure 4.2.1. The 

black spots are oil aerosol, and the red ones are water droplets. In this coordinate system, the 

center distance between two droplets can be calculated in the following way.  

                      𝑑 = √(𝑥0 − 𝑥)2 + (𝑦0 − 𝑦)2                                         (4.3.1) 

The centers of two droplets located in (x0, y0) and (x, y) in the coordinate plane. The oil aerosol is 

collected when d is smaller than the sum of their radii. (d < Rs = R + r). When we consider in one 

oil aerosol and a line of water droplets, Equation 4.2.1 needs to be modified as Equation 4.3.2 

𝒅 = √(𝑥0 − 𝒙)2 + (𝑦0 − 𝒚)2                                         (4.3.2) 

Here, d is a distance vector, and (x, y) is a location vector for the line of water droplets. The 

uniform distribution of these droplets can be obtained under isotropic water droplets system. 

Therefore, the i-th element in the location vectors can be expressed in Equation 4.3.3 and 4.3.4. 

𝑥𝑤 = 𝑥1 + (𝑖 − 1)𝐷𝑤                                              (4.3.3) 

𝑦𝑤 = 𝑦1 + (𝑖 − 1)𝐷𝑤                                              (4.3.4) 

where (x1, y1) is location of the first water droplet, and 𝐷𝑤 is the central distance between water 

droplets. Also, the movement of the droplets is needed to be taken into the consideration, and 

some adjustments are needed for Equation 4.3.2. 

𝒅 = √(𝑥0 − 𝒙 + 𝑣𝑥𝑡)2 + (𝑦0 − 𝒚 − 𝑣𝑦𝑡)2                             (4.3.5) 

In Equation 4.3.5, 𝑣𝑥  and 𝑣𝑦 are the horizontal velocity of oil aerosols and the vertical velocity of 

water droplets, and t is travelling time of droplet. Here, we care about the collision in a travelling 

X 

Y 
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period of droplet, instead of a time node. As a result, the distance vector extends into a matrix 

with the combination of time dimension.  

                         𝑫 = [𝒅1; 𝒅2; 𝒅3; … ; 𝒅𝑖; … ]                                          (4.3.6) 

where 𝒅𝑖 refers to the distance vector at i-th time node. This is the primary matrix in the collision 

model between one oil droplet and a line of water droplets. Now we need to extend this matrix 

into multiple lines of water droplets. Technically, we are able to simply change the distance 

matrix (D) into a 3-Dimension distance matrix. With deep analysis on the collision condition, 

some simplification is able to be performed in this 3-Dimensional matrix. It is noticed that the 

distance between droplet lines is at least 400 micrometer. (Detailed estimations are included in 

Appendix A). This is much greater than the radius of both droplets. It means no collision in the 

interval of water droplets, which helps us to reduce time nodes greatly.  

 

 

 

 

Figure 4.3.2 The detailed depiction of droplets collision 

Figure 4.3.2 describes the details about droplet collision. The collision may take place only when 

the oil droplet travels between xb1 and xe1, while there is no possible collision between xe1 and 

xb2. Therefore, the time nodes involved in the model is when the oil droplet travels between xb1 

and xe1, as well as xb2 and xe2.  

Let us take the first line of water droplets as an example. The useful time of oil droplet begins 

when the right edge of oil droplet arrives at xb1. It ends when the left edge reaches xe1. In this 

way, we are able to obtain time of the beginning and the end in the following way. 

𝑡𝑏1 =
𝑥𝑏1 −  𝑥𝑟

𝑣𝑥
 

                   (4.3.7) 

𝑡𝑒1 =
𝑥𝑒1 − 𝑥𝑙

𝑣𝑥
 

                  (4.3.8) 

In the two equations, xb1 and xe1.are the left and right edges of water droplet, while xl and xr refer 

to the initial location of left and right edges for oil aerosol. The time nodes employed in our 

xb1 xe1 xb2 xe2 

xl xr 
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computation begins at 𝑡𝑏1, and ends at 𝑡𝑒1. The same idea can be applied for other lines of water 

droplets, which leads to vector equations derived from 4.3.7 and 4.3.8. 

𝒕𝒃 =
𝒙𝒃 − 𝑥𝑟

𝑣𝑥
 

(4.3.9) 

𝒕𝒆 =
𝒙𝒆 −  𝑥𝑙

𝑣𝑥
 

                  (4.3.10) 

In order to perform the calculation, we need to apply each time element in 𝒕𝒃 as the beginning 

time node, and the counterpart in 𝒕𝒆 as the final time node. As the previous setting, the center of 

oil droplet locates at x0, and the center of multiple lines of water droplets locates at x. We can 

obtain the parameter in the follow equations. 

For the oil aerosol with radius 𝑟, 

𝑥𝑙 = 𝑥0 − 𝑟                                                        (4.3.11) 

𝑥𝑟 = 𝑥0 + 𝑟                                                        (4.3.12) 

For the multiple lines of water droplet with radius 𝑅, 

𝒙𝒃 = 𝒙 − 𝑅                                                       (4.2.13) 

𝒙𝒆 = 𝒙 + 𝑅                                                       (4.3.14) 

As is noticed, a 2-Dimensional matrix is constructed with each time vector generated from 𝒕𝒃 

and 𝒕𝒆. The reason is only the nearest line of water droplets is needed in the calculation at each 

time node. For example, it is required to involve only the first line of water droplets in the 

calculation at travelling period between tb1 and te1. One 2-Dimensional matrix is produced when 

the distance vector between oil aerosols and the first line of water droplets extends during the 

period between tb1 and te1, which is the same with other lines. As a result, this computational 

method results in several discrete matrixes, which are able to form a big 2-Dimensional matrix.  

               𝑫𝒂 = [𝑫1; 𝑫2; 𝑫3; … ; 𝑫𝑖; … ]                                     (4.3.15) 
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where 𝑫𝑖 refers to the distance matrix between 𝑡𝑏𝑖 and 𝑡𝑒𝑖. This is the main matrix used in our 

model programming between one oil aerosol and multiple lines of water droplets. Our goal is to 

model collisions between one string of oil aerosols and multiple lines of water droplets. In order 

to achieve this goal, the next step is to extend Matrix 4.2.15 to a 3-Dimensional matrix with the 

number of oil aerosols. This 3-d matrix can be divided into several 2-D matrixes with each oil 

aerosol. Each matrix, which varies based on the different location of oil aerosol, shares the same 

form of Matrix 4.3.15. 

For the first oil aerosol,  

𝑫𝟏𝒂 = [𝑫11; 𝑫12; 𝑫13; … ; 𝑫1𝑖; … ] = 𝑓(𝑥𝑜1)                      (4.3.16) 

For the second oil aerosol,  

𝑫𝟐𝒂 = [𝑫21; 𝑫22; 𝑫23; … ; 𝑫2𝑖; … ] = 𝑓(𝑥𝑜2)                      (4.3.17) 

For the k-th oil aerosol,  

𝑫𝒌𝒂 = [𝑫𝑘1; 𝑫𝑘2; 𝑫𝑘3; … ; 𝑫𝑘𝑖; … ] = 𝑓(𝑥𝑜𝑘)                      (4.3.18) 

where 𝑫𝑘𝑎 and 𝑥𝑜𝑘 refer to the distance matrix and the location of the k-th oil aerosol. When the 

location of the first oil aerosol is set, the location of the k-th oil aerosol can be expressed in the 

following way. 

𝑥𝑜𝑘 = 𝑥𝑜1 + (𝑘 − 1)𝐷𝑜                                              (4.3.19) 

Now, we can obtain the number of condensed oil aerosols after counting the number of qualified 

elements (d < Rs = R + r). The 3-d matrix at this point still contains some impossible collisions 

since it still has record of droplets that were captured by a previous line of spray droplets. This 

would result in some discrepancy from reality. Several additional adjustments are needed in the 

model programming. The distance Matrix 4.3.15 converts to a logic matrix with the appropriate 

scaling computations. The qualified elements in this matrix are assigned an additional matrix 

element of 1, while the disqualified (due to droplet captured by previous lines of water droplet) a 

0. Before counting the 1’s in the matrix, we need to find out the earliest 1 in the matrix for each 

oil droplet, and overwrite the following 1’s with 0’s. In this way, we are able to know the 

number of collected oil droplets and hence, the capture fraction. 
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4.4 Droplet Size 

The droplet size is very significant as it has a great impact on the result in our computation. 

Conceptually, a larger probability that oil aerosols are trapped by the water droplet is achieved 

with a bigger droplet in the “condensation” system. Therefore, the fraction of trapped oil aerosol 

is greatly related to the droplet size.  

In our program, the values of droplet diameters are entered by the user. An interface is set for the 

user to input their expected value of all parameters, but it is still beneficial to know the order of 

magnitude of the droplet diameter. This may lead to the result of our computation closer to the 

reality. In order to estimate the droplet diameter, the Sauter mean diameter (SMD) for a specific 

nozzle in use is needed to be introduced for our droplet size estimation. The SMD is defined as 

an average diameter in terms of volume to surface-area. It is not hard to obtain the mathematical 

definition of SMD as Equation 4.3.1. 

(2.4.1) SMD =
∑ 𝑁𝑖𝐷𝑖

3

∑ 𝑁𝑖𝐷𝑖
2 (4.3.1) 

where Di is the diameter of droplet with number of Ni (Perry 2008).  

 

Figure 4.3.1 Droplet Size distribution for 460.528 Spray Nozzle (Lechler, 1996) 



31 
 

As for the nozzle used in this study, the Lechler® Company has made a measurement of the size 

distribution of 52332 droplets passing through the 460.528 spray nozzle. The measurement was 

taken under a pressure of 2.5 bars, water flow of 2.20 L/min and spray distance of 8 inches. The 

operation condition in this model is different from the condition that will actually take place in 

any DCC designed with these nozzles, but it still offers an idea for the order of magnitude of the 

droplet size. The SMD result was 261 micrometers, and the total result is shown in Figure 4.3.1.  

The size of droplets passing the Lechler® 460.528 spray nozzle was able to be observed and 

subsequently estimated with a high speed camera and a metric ruler. The photographs taken by a 

high speed camera are shown in Figures 4.3.2 and 4.3.3. The 120° cone spray is generated in this 

set of photos. We can see some small droplets coalescing to form bigger ones, which proves the 

size distribution of water droplets.  

 
Figure 4.3.2: The Photograph of 120° cone spray - Side View (Smith, 2013) 

 

 
Figure 4.3.3: The detailed Photograph of 120° cone spray – Top View (Smith, 2013) 
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The estimated diameter of droplet in the photographs is from 100 to 800 micrometers, which 

agrees on the SMD results of 268 micrometers. The diameter of oil aerosols created under 

microwave energy was not measured.  Literature on the exact size of the droplets condensed 

from microwave excitation and generation of steam is obscure.  For the purposes of development 

of this analysis technique, a diameter of 10 [μm] was assumed. Other characteristics are able to 

be estimated with the diameter of droplet and the experimental condition (Appendix A). As is 

mentioned, only diameter of each droplet is used in our model program with the assumption 

about uniform diameter of droplets. A more reasonable method is to integrate size distribution 

function of both droplets into the model. The further discussion will be provided in Section 8.1. 

5.  Number of oil aerosol in capture efficiency computation 

Generally speaking, the accuracy of capture efficiency increases with greater number of oil 

aerosol used in the computation program. However, more time is consumed with larger number 

of oil aerosols. This mainly depends on the processor and memory in the computer.  

 

Figure 5.1: The information about processor and memory in the computer used for computation  

Here, we compute the capture efficiency with different number of oil aerosols. The analysis is 

made for computational efficiency in the term of CTEOA, computational time each oil aerosol. 

This parameter is defined as t/N with t CPU time consumed and N the number of oil aerosol. It is 

not difficult to predict the higher efficiency of computation with a smaller parameter of CTEOA. 

Number of oil aerosols Computational Time [second] CTEOA 

50 47.32 0.9464 

100 69.24 0.6924 

200 296.14 1.4807 

400 797.94 1.9949 

800 6799.42 8.4994 

Table 5.1: The results of computational time and different number of oil aerosols 

The last number in the table above used in the computation is 800, which costs almost 1.9 hours. 

As a result, the test about computational time is stopped here. We assume that the computer was 

unable to perform the computation in a reasonable amount of time with more oil aerosols. As is 

indicated by the CTEOA parameter, the most efficient computation takes place with 100 oil 

aerosols. Therefore, 100 oil aerosols are used in subsequent computation. 
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6. Results of model calculation 

There are three important variables in this model: the number of water droplet rows, diameters of 

the oil aerosol and the water droplets. Here, the number of water droplets in each row is not 

necessary in this model, since this variable is calculated by the program based on our setting. We 

have made the establishment that the last oil aerosol will be trapped by the last water droplet in 

the last row. This is reasonable based on use of a recycled water supply to trap the oil aerosol.  

This is an assumption to enable the computations in this program. 

6.1 The random setting for the first water droplet in each row 

The water droplets are not necessarily in an orderly arrangement.  As is shown in Figure 6.1.1, 

there is no rectangle distribution of water droplets. Here, the assumption for horizontal uniform 

distance needs to be properly changed into the constant spacing between rows. 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.1: The schematic depiction of physical system with 

randomized setting for the first water droplet in each row 

Therefore, the distance of the first water droplet in each row is set with a randomized ratio 

between 0 and 1. Now, we will need to test whether this setting affects the computational results. 

The computation was performed for 5 rows of water droplets, 100 [µm] water droplets and 10 

[µm] oil aerosols. After the program was run three times, it was run another three times with 

doubled parameters. The results of captured fraction of oil aerosol is shown in the Table 5.1.1 

Trial 5 rows, 100 µm and 10 µm 10 rows, 200 µm and 20 µm 

1 0.830 1.000 

2 0.830 1.000 

3 0.810 0.980 

Aver 0.823 0.971 

s.d. 0.012 0.012 

90% CI 0.80 to 0.84 0.97 to1.00 

Table 6.1.1 : The computational results with randomized setting 
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6.2 Droplet Size 

In order to test effects of droplet size in the model, we need to run the program with different 

settings of the diameter of oil aerosol and water droplets. As is mentioned in Section 5, 100 oil 

aerosols are used to examine the effect of droplet size. Five rows of water droplet rows are 

applied in this test.  

When the test about size effect is performed on oil aerosol, the diameter of water droplet is kept 

as 100 [µm]. Meanwhile, the diameter of oil aerosol is changed from 5 [µm] to 30 [µm]. The 

computational results with different size of oil aerosol are shown in the Table 5.2.1.  

Size of oil aerosol [µm] Capture fraction 

5 0.81 

7 0.81 

10 0.83 

13 0.85 

15 0.87 

18 0.86 

20 0.84 

23 0.85 

25 0.87 

28 0.89 

Table 6.2.1: The computational results with different size of oil aerosol 

When the test about size effect is performed on water droplet, the diameter of oil aerosol is kept 

as 10 [µm]. Meanwhile, the diameter of water droplet is changed from 50 [µm] to 300 [µm]. The 

computational results with different size of water droplet are shown in the Table 5.2.2.  

Size of water droplet [µm] Capture fraction 

50 0.84 

75 0.83 

100 0.82 

125 0.83 

150 0.8 

175 0.77 

200 0.79 

225 0.84 

250 0.82 

275 0.79 

Table 6.2.2: The computational results with different size of water droplets 
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6.3 The number of water droplet rows 

Now we are exploring the impacts given by the number of water droplet rows. The diameter of 

oil aerosol and water droplet is kept as 100 [µm] and 10 [µm], while the number of water droplet 

rows changes from 1 to 6. At the same time, the number of oil aerosols also changes from 100 to 

300. The calculation results are shown in the Table 6.3.1. 

Number of water droplet rows 1 2 3 4 5 

Capture 

fraction 

100 oil aerosols 0.18 0.33 0.51 0.66 0.82 

200 oil aerosols 0.19 0.34 0.515 0.68 0.825 

300 oil aerosols 0.193 0.347 0.513 0.67 0.827 

Table 6.3.1: The computational results with different rows of water droplets  

 

7. Discussion on the results 

7.1 The random setting for the first water droplet in each row 

The standard deviation (s.d) of 1.2% shows that there is no significant difference between each 

result of the trial with the same setting in the program. The range of results at a confidence 

interval (CI) of 90% is also shown. We can say that there is 90% chance that the mean of capture 

fraction is in this range. The range is so narrow that we can conclude that there is no great impact 

on our calculation caused by the random setting of the first water droplet in each row. It may be 

argued that 1.2% is a problem based on the 100 oil aerosols in the setting of program. A better 

way to handle this argument is to run the program with a large number of oil droplets. However 

(and predictably), the modest computer utilized was unable to perform the computation in a 

reasonable amount of time when the author tried to run the program with 1000 oil aerosols. 

 

7.2 Droplet Size 

In order to know how droplet size affects capture efficiency in this model, we need to analyze the 

data in Section 6.2. Again, 100 oil aerosols are used in this computation. A more practical way is 

to set more oil aerosols in the computation. However, we cannot set too many aerosols in our 

computation based our computer system. The capture fraction data for computations using 100 

oil aerosol droplets is plotted in Figure 7.2.1.  Figure 7.2.2 is a similar computation varying the 

diameter of the water droplets.  
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Figure 7.2.1: The schematic depiction of the results with different diameter of oil aerosols (100 oil aerosols) 

The result shown in Figure 7.2.2 agrees with our hypothesis that a bigger oil aerosol is helpful to 

obtain higher captured fraction in the system.  Conceptually, the bigger aerosol provides greater 

opportunities on the droplets collision with water droplet based on larger cross area of oil 

aerosol. The error bars show that with the 100 aerosol particle model, significant variance is 

observed, but the trend is demonstrated.   

 

Figure 7.2.2: The schematic depiction of the results with different diameter of water droplet (100 oil aerosols) 

Here, a bigger water droplet leads a lower captured fraction of oil aerosol due to the fixed water 

volume. The total cross-sectional area shrinks when the diameter of water droplet increases. 

Therefore, there is less possibility of the droplet collision. This analysis also agrees on our 

computation result in Figure 7.2.2, but more computations with a large number of oil aerosols are 

required to justify our computation. 
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In order to justify the prediction, another computation with 400 oil aerosols is compared with the 

performance with 100 oil aerosols. The Figure 7.2.3 and 7.2.4 are the results of 400 oil aerosols 

about the impacts of droplet size. Other setting of these two plots is the same as the Figure 7.2.1 

and 7.2.2. 

 

Figure 7.2.3: The schematic depiction of the results with different diameter of oil aerosols (400 oil aerosols) 

 

 

Figure 7.2.4: The schematic depiction of the results with different diameter of water droplet (400 oil aerosols) 

As is observed in these two plots, there is less variance in the plots about 400 oil aerosols than 

the plots about 100 oil aerosols. Meanwhile, the trend of capture fraction for different size of 

droplets has been better demonstrated in the plots of 400 oil aerosols.  
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There are some outliers in the two plots, which is out of our expectation. Now we will run the 

program multiple times to test the standard deviation of this outlier. Let us test the 18 µm oil 

aerosol, which is an outlier in the Figure 7.2.3. The result is plotted in in the Figure 7.2.5, and the 

x-axis refers to the number of times to run the program. As is observed in the plot, the standard 

deviation of 18 µm oil aerosol fluctuates between 0.008 and 0.01. We may take the average as 

the standard deviation of 0.009, which is the parameter of error bar in the Figure 7.2.3 and 7.2.4. 

With the information about error bar, we may assume these outliers in the plots also agree with 

our analysis about droplet size.  

 

Figure 7.2.5: The schematic depiction of the results about standard deviation test for 18 µm oil aerosol 

7.3 The number of water droplet rows 

Obviously, increasing the number of rows performs a significant contribution in a greater 

fraction of captured oil aerosol. In order to deeply understand the importance of the number of 

rows, we can make some analysis on the statistical model of droplet collision. 

 

 

 

 

 

 

 

 

 

Figure 7.3.1: The schematic depiction for the statistical model of droplet collision. 
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Initially, there is 100% of oil aerosol at the beginning. We can assume the independent event that 

oil aerosol is trapped by each lines of water. The constant probability on this collision event is p. 

Therefore, the fraction of uncaptured oil aerosol after the first row is 1-p, the one after the second 

line is (1-p)
 2

, and the one after the third row is (1-p)
3
. Analogically, the fraction after the n-th 

line is (1-p)
 n

. Therefore, the captured fraction (f) after the n-th row of water droplet is able to be 

expressed in the following function. 

𝑓 = 1 − (1 − 𝑝)𝑛                                                     (7.3.1) 

Equation 6.3.1 is able to be rearranged as the Equation 7.3.2. 

1 − 𝑓 = (1 − 𝑝)𝑛                                                     (7.3.2) 

We can take the natural log on the both sides of the Equation 7.3.2. 

ln(1 − 𝑓) = ln(1 − 𝑝)𝑛 = 𝑛 ln(1 − 𝑝)                                (7.3.3) 

As is noticeable, ln(1 − p) is a constant based on constant capture fraction of droplet collision. 

Therefore, ln(1 − 𝑓) have linear relationship with the number of water droplet rows (n). We can 

verify the program with linear regression between ln(1 − 𝑓) and n. 

Figure 7.3.2: The plot for linear regression with different number of oil aerosols 

As is shown in the plot, most of region is shared by three curves. These three equations for linear 

regression are able to be used to calculate the trapped fraction of oil aerosol by each row of water 

droplet.  



40 
 

Number of 
oil aerosols 

Linear regression 
equation 

Capture fraction  
by each row (p) 

100 y = -0.3711x + 0.2921 0.31 

200 y = -0.3788x + 0.2901 0.32 

300 y = -0.3763x + 0.2841 0.31 

Table 7.3.1: The results for linear regression with different number of oil aerosols 

As is shown in the table above, the capture fraction is almost the same. This is the same as our 

model assumption. We can conclude that the captured fraction of each water droplet row is 0.31. 

This result provides substantial support to our model program. 

7.4 Conclusion 

Based on our computation so far, a bigger oil droplet leads to a greater captured fraction of oil 

aerosol, while the bigger water droplet decreases the captured fraction with fixed volume flow 

rate of water. Meanwhile, the numbers of water droplet rows play a significant role in the 

fraction of oil droplet condensation. An easy way to completely collect peppermint oil is to 

employ a lot of sprays to increase the rows of water droplets. However, this result is needed to be 

justified by more computations with a large number of oil aerosols. 

 

8. Future work 

8.1 The droplet size distribution 

Some improvements could be made in this model program for the direct contact condenser. One 

possibility is to integrate the droplet size distribution (DSD) of the spray into the model. The 

most common used function is Nukiyama-Tanasawa function as Equation 8.1.1 

dN

dD
=  BD𝑝exp (−CD𝑞) 

                                                                      (8.1.1) 

where B, C, p and q are some constants depending on the condition, and D is the diameter of 

droplet with the normalized number N. Li and Tankin (1987) had explored the DSD model based 

on maximization of entropy. The generated information entropy can be expressed with the 

Equation 8.1.2: 

𝑆 = −K ∑ 𝑃𝑖  ln 𝑃𝑖 

𝑖

 

                                                                                                                                                (8.1.2) 
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In the equation, K is a constant and Pi is number fraction of droplet with the specific diameter. 

With some physical and mathematical constraints, the maximization of generated entropy in the 

spray allows Equation 7.1.1 to convert Equation 8.1.3: 

dN

dD
=  

πρ𝐿�̇�

2𝑚𝐿̇
D2 exp (−

πρ𝐿�̇�

7𝑚𝐿̇
D3) = 3A0D2 exp(−A0D3)  

                                                                                                                                                 (8.1.3) 

where ρ𝐿is density of the droplet in the spray, 𝑚𝐿̇ is the mass flowrate of the liquid and ṅ is the 

number of droplets in the flowrate. All of these parameters are able to be simplified as a cluster 

one (A0). 

As is mentioned, the Sauter mean diameter (SMD) refers to the average diameter in terms of 

volume to surface-area. Equation 4.3.1 for SMD can be re-written in a differential form with 

Equation 8.1.4. 

SMD =
∫ D3dN
∞

0

∫ D2dN
∞

0

 

                                                                                                                                                 (8.1.4) 

The SMD function can be applied in Equation 8.1.3, and it can be expressed in the following 

way. 

SMD =
∫ 3A0D5 exp(−A0D3) dD
∞

0

∫ 3A0D4 exp(−A0D3) dD
∞

0

=  
∫ D3 exp(−A0D3) d(A0D3)
∞

0

∫ D2 exp(−A0D3) d(A0D3)
∞

0

 

                                                                                                                                                (8.1.5) 

The integral part in the Equation (7.1.5) is similar to the gamma function, which is defined as: 

Г(n) = ∫ x𝑛−1 exp(−x) dx
∞

0

 

                                                                                                                                                 (8.1.6) 

Therefore, we are able to make some further changes in the Equation (8.1.5). 

SMD =  
∫ A0D3 exp(−A0D3) d(A0D3)
∞

0

A0

1
3 ∫ (A0D3)

2
3 exp(−A0D3) d(A0D3)

∞

0

=  
Г(2)

A0

1
3 Г (

5
3)

=
1

A0

1
3 Г (

5
3)

 

                                                                      (8.1.7) 

Here, the cluster parameter (A0) can be expressed in terms to SMD with the following Equation: 
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A0 =
1

[SMD ∗ Г (
5
3)]

3 

                                                                      (8.1.8) 

After plugging the Equation (8.1.7) into the Equation (8.1.3), the DSD is able to be obtained as a 

function of SMD. 

dN

dD
=

3D2

[SMD ∗ Г (
5
3)]

3 exp (−
D3

[SMD ∗ Г (
5
3)]

3) 

(8.1.9) 

As is noticeable, the SMD is the only variable necessary to obtain the DSD function. This is very 

convenient for our further model. 

 

8.2 The droplet size measurement 

Another idea is a better size measurement for the droplets entering the condensation system. This 

kind of measurement will make the model calculation results more practical, for the droplet size 

is a significant parameter in the condensation model. 

One of the widely used methods in this measurement is to detect the angle of light passing the 

droplet. A common device involved in this technique is the optical particle counter (OPC), which 

is able to perform a quick and efficient response in presence of droplets in the detection system. 

The detecting area in the OPC is illuminated by a light source. When droplets pass through this 

region, the light in the region is scattered by the droplets. The angles are detected and converted 

to an electronic pulse. Obviously, the final response is a complex, but generally increasing 

function of droplet size. High-speed measurements can be performed with this light scattering 

technique. 

Sometimes, the droplet is too small to be measured. At this point, the techniques are needed to 

grow small droplets to a larger one that can be detected with optical techniques. One of the 

spectrometer with this technique is the condensation particle counters (CPC). In a CPC, the 

droplet grows up to a near-uniform size between 2 and 15 mm, which is large enough to be 

detected by optical methods.  
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There are three processes involved in CPC measurement: super-saturation of working fluids, 

growth of particles by condensation of vapors, and detection of particles. It is necessary to make 

working fluids super-saturated with the presence of surface tension in the droplet. This provides 

partial pressure of liquid, greater than its saturation partial pressure, to maintain the condensation 

equilibrium. The Kelvin equation is able to be used to calculate the droplet diameter, which is 

expressed as the following Equation 8.2.1 

ln
𝑝𝑑

𝑝𝑠
=  

4γV𝑚

RT𝑑𝑝
 

                                                                                   (8.2.1) 

In this equation, pd are the vapor pressure on the droplet surface, and ps is the saturation vapor 

pressure.γis the surface tension of liquid, and Vm is the molar volume of liquid. Technically, 

Kelvin diameter is calculated with Equation 8.2.1. This is defined as the minimum size to initiate 

condensation, which is the same as the droplet diameter (Pramod Kulkarni, and Paul A. Baron 

2011). 

8.3 The figure of water droplet collision 

It is not necessary that coalescence takes place between two water droplets after their collision. 

The outcomes of droplet collision depend on a lot of factors. The most important factors are 

Weber number and the impact parameter. Weber number, We, describes the relative importance 

of translational kinetic energy of droplet compared to its surface energy. The impact parameter, 

B, measures the deviation of the droplets’ trajectory from the head-on collision. The B – We 

figure can describe the outcomes of droplet collision. The property of droplets greatly affects the 

B – We figure. This figure for water droplet collision is split into three regimes, as is shown in 

Figure 8.3.1. 

 
Figure 8.3.1:  the B - We figures of equal size water droplet collision regimes (Qian and Law 1996) 
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For equal size water droplet collision, Weber number and the impact parameter (B) are defined 

as 2RρU
2
/σ and x/2R with R the droplet radius, U the relative velocity, x the projection of the 

separation distance between the droplet centers normal to direction of the relative velocity, ρ and 

σ the density and surface energy of water droplet. Subsequent experiments were made by Qian 

and Law (1996), and the majority of experimental results follow the figure above. 

Additionally, Tang, Zhang and Law (2011) made more investigations for unequal size water 

droplet collision. A Δ - Wes figure was constructed in their researches. Wes refers Weber number 

of the small droplet, while Δ describes the size ratio of the droplets. The author identified regime 

diagram in the figure experimentally. 

 

Figure 8.3.2:  the Δ - We figures of unequal size water droplet collision regimes (Chenglong Tang et al  2012) 
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APPENDICES 

A. Characteristics of droplet estimation  

1. Water droplet: 

      40 psi pressure is applied to the nozzle (Dduct= 3 inch = 7.62cm, Dnozzle= 2mm).  Based on the data 

from the nozzle manufacturer, the flow rate of liquid at 40psi is 0.6 gal/min (V = 0.6 gal/min = 3.78 

× 10-5 m3/sec). The diameter of droplets from the nozzle is 100 μm (D = 100 μm = 1.0 × 10-4 m).  

Calculation:   

a. The volume of water droplet: Vw = 
4

3
 πR3= 

4

3
 π(

D

2
)3 = 

4

3
 π (5.0 × 10-5 m)3= 5.23 × 10-13 m3. 

     The number of water droplet: Nw = V/ Vw = 7.2 × 107 big droplets/sec 

b. The exit area of the nozzle outlet: Snozzle = πRnozzle
2= π (

Dnozzle

2
)2 = 3.14 mm2 = 3.14 x 10-6  m2 

     The velocity of water droplet: 𝑣𝑦 = Vw / Snozzle = (3.78 × 10-5 m3/sec)/(3.14 mm2) =  12 m/sec 

c. The calculation about distance between two water droplets:  

       It is assumed that there is no drag force between the droplets and air. Therefore, the velocity of 

droplets keeps constant. Also, no great change in the velocity may happen in a short distance that the 

droplets travel.   

        To make the calculation of the fraction of the volume occupied by droplets at the fan-out point 

from the nozzle spray which represents the diameter of the duct, we will make a simplification. The 

liquid droplet volume during one second of flight at the exit velocity of these droplets is known and 

is equal to the volume flow rate.  The volume of space in which this set of droplets will occupy if 

they were in a 3-inch (0.0762 Meter) diameter cylinder with length equal to one second of flight 

(12M) represents the volume of space to compare to this volume of liquid for the calculation.   

Therefore this total volume of space is:  

        Vtotal = Sduct *𝑣𝑦 = π (
Dduct

2
)2*𝑣𝑦 = 0.0547 m3 

     The volume occupied with droplets is the same as the flow rate of liquid:  Vw = 3.78 × 10-5 m3/sec 

     The volume fraction of droplet in the air cube:  fd = Vw / Vtotal = 0.069% 

     The volume of air cube containing a droplet: Vcube = V0 / fd = 0.758 × 10-9 m3, and central distance 

between two water droplets is the same as the length of cube: Dw= √Vcube
3

 = 0.91 × 10-3 m = 910 μm. 
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2. Oil aerosol: 

a.   The power supply of steam generation is 65 kW. We need to calculate how much 70 ℃ oil 

aerosol is produced every minute. The initial temperature of liquid can be assumed as 25℃.  

Calculation:  

 A new path will be designed for the enthalpy change calculation.  

 

Cp(l) = 75.4 kJ/mol·℃                  Cp(g) = 33.46+ 0.688*T (a function of temperature)                     

∆Hvap= 40.63 kJ/mol  

∆H1 = ∫ Cp(l)𝑑𝑇 
100

25
= Cp(l)*∆T = 75.4 × (100 - 25) = 5655 kJ/mol  

∆H2 = ∆Hvap= 40.63 kJ/mol  

∆H3 = ∫ Cp(g)𝑑𝑇
70

100
=∫ (33.46 + 0.688 ∗ T)𝑑𝑇

70

100
  

        = 33.46 × (70 - 100) + 0.344 × (702 - 1002) = -2758.2 kJ/mol 

∆H = ∆H1 + ∆H2 +∆H3 = 5655+40.63-2758.2 = 2937.43 kJ/mol ---- enthalpy change  

Power supply: Q = 65kW × 60 sec = 3900 kJ 

Steam generation: n = Q/∆H = 3900/2937.43 = 1.33 mol/min 

The molar volume of steam at 1 atm, 70℃:  v = 
𝑅𝑇

𝑃
 = 28.15 liter/mol 

The volume flow rate of steam:  𝑉�̇� = 28.15 × 1.33 = 37.44 L/min = 0.624 L/sec  

b.   We also need to calculate the volume flow rate of condensation liquid from the aerosol. 

      1 mol liquid is converted from 1 mol steam based on the mass conservation, and this ratio keeps 

constant. Therefore, an equation about the volume ratio can be established as below.  

28.15 𝐿 𝑠𝑡𝑒𝑎𝑚

18 𝑚𝐿 𝑤𝑎𝑡𝑒𝑟
=  

0.624 L/sec steam

𝑉𝑐𝑙
̇

 

     We can solve this equation to obtain the volume flow rate about condensation liquid 

𝑉𝑐𝑙
̇  = 0.4 mL/sec 

c.   The diameter of small droplet from the horizontal nozzle is 10 μm (d = 100 μm = 1.0 × 10-6 m). 

Therefore, we can calculate the number of  the aerosols. 

      The volume of oil aerosol: Vo = 
4

3
 πr3= 

4

3
 π (

d

2
)3 = 

4

3
 π (5.0 × 10-6 m)3= 5.23 × 10-16 m3. 

      The number of oil aerosol: No = 𝑉𝑐𝑙
̇  / V0 = 7.65 × 1014 small droplets/sec 

water(l), 25℃ water(l), 100℃ water(g), 100℃ 

 

water(g), 70℃ 
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d. The volume flow rate of gas feeding for condensation is 100 ft3/min, which include both oil 

aerosol and air. (𝑉�̇�=100 ft3/min = 47.2 liter/second). Also, the same method as part (C) in big droplet 

section is used to calculate the distance between the aerosols.  

   The volume fraction of oil aerosol in the air cube:  fo = 𝑉𝑐𝑙
̇  / 𝑉�̇� = (0.4 mL/sec)/(47.2 liter/sec) = 

8.47 × 10-6 

   The volume of air cube containing a droplet: Vcube = V0 / fo = 0.617 × 10-10 m3, and central distance 

between two droplets is the same as the length of cube: D0= √Vcube
3

 = 0.4 × 10-3 m = 400 μm. 

e. The velocity of aerosol is also needed here. And the same nozzle is used for liquid condensation. 

   The cross area of nozzle inlet: Sduct = πRduct
2= π (

Dduct

2
)2 = π(3.81 cm)2= 45.6 cm2 

The velocity of big droplet: 𝑣𝑥 = 𝑉�̇�/ Sductt= (47.2 liter/second)/(45.6 cm2) = 10 m/sec 

B. Description of Program operation 

As is discussed in Section 4.3, one 3-Dimension matrix is constructed in this model. This 3-D 

matrix is constructed by extending a 2-Dimension distance matrix with different oil aerosols. 

And comparing the elements in 3-D matrix with Rs helps us to obtain a logic matrix, and the 

element in this matrix is only 0 and 1. ‘0’ indicates the element smaller than Rs, and ‘1’ means 

the element greater than Rs. The oil aerosol is assumed to be captured with at least one ‘1’ in its 

2-Dimension distance matrix.  The following pictures describe two outcomes of an oil aerosol: it 

will be captured or uncaptured by water droplets. The 1
st
 time element in each figure indicates 

the oil aerosol far away from the water droplets area, the 2
nd

 indicates the beginning of the oil 

aerosol entering the water droplets area, and the 3
rd

 describes the two outcomes of this process, 

either “captured” or “not captured”.   

 

Figure B.1: The schematic depiction of a captured oil aerosol  

Figure B.2: The schematic depiction of an uncaptured oil aerosol 

Captured! 

Uncaptured! 
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C. the Matlab® program of model 

1.  Matlab® Code 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% intrinsic variable of droplet establishment %%%%  
clear all 
clc 

  
r_big = input('Enter the radius of water droplet(micrometer): '); 
V_big = (4/3)*pi*(r_big^3); 
% the volume of water droplet 

  
r_small = input('Enter the radius of oil droplet(micrometer): '); 
V_small = (4/3)*pi*(r_small^3); 
% the volume of oil droplet 

  
Rs = r_big + r_small; 
% critical distance: the sum of big droplet's radius and small one's radius 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% some paramter calculation for the device %%%%%%%%%%% 
D_nozzle = 2*10^-3;  
% the diameter of nozzle = 2 mm (meter) 
S_nozzle = (pi/4)*(D_nozzle^2); 
% the area of nozzle(meter square). 

  
D_duct = 3*0.0254; 
% the diamter of duct = 3 inch (meter) 
S_duct = (pi/4)*(D_duct^2); 
% the area of duct(meter square). 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%% the parameter calculation for water droplet %%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%% the velocity calculation for water droplets %%%%%%% 
V10 = input('Enter the flow rate of liquid for big droplet(gals/min): '); 
% The flowrate is corresponding with the specific pressure, 
% which is shown in the nozzle manufaturer. 

 
V1 = V10*0.0037854/60;  
% This is unit conversion from gals/min to cubic meter/sec. 

  
u_big = V1/S_nozzle; 
% the velocity of water droplet(meter/sec, the same as micrometer/microsec). 

  
%%%% the distance between two water droplets %%%% 
V_space = S_duct * u_big; 
% the volumn of space occupied compared to the flow rate of liquid 

  
f_big = V1/V_space; 
% the volume fraction of liquid compared to the space 
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V_space_big = V_big/f_big; 
% the volume of space compared to each droplet 

  
d_big = V_space_big^(1/3); 
% the distance between two water droplets (meter) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%% the parameter calculation for oil droplet %%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%% the flow rate calculation for condensation liquid %%%%% 
Power = input('Enter the power supply for steam generation(kW): '); 
H = 2937.43; 
% the enthalpy change of water(25) to steam(70)(kJ/mol) 
n_Steam = Power/H; 
% the amount of steam generated in the process 
V2 = n_Steam*18; 
% the volumn flow rate for condensation liquid (mL) 

 
%%%% the distance between two oil droplets %%%% 
V_total0 = input('Enter the flow rate of gas feeding(cubic ft/min): '); 
V_total = V_total0*0.0283168466/60; 
% the unit conversion from cubic ft/min to cubic meter/sec. 

 
f_small = V2/(V_total*10^6); 
% the volume fraction of oil droplet compared to the space 

 
V_space_small = V_small/f_small; 
% the volume of space compared to each droplet 

 
d_small = V_space_small^(1/3); 
% the distance between two oil droplets (meter) 
%%%% the velocity of oil droplet %%%% 
u_small = V_total/S_duct; 
% the velocity of oil droplet(meter/sec,the same as micrometer/microsec). 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%% parameter modification in the Coordinate system %%%%%%%%% 
d1 = r_small; 
d2 = r_big; 

  
d_ini_small = -d1; 
d_ini_big = d2; 

  
Vx = u_small;  
Vy = -u_big; 
%%%%% location calculation for each oil droplet%%%%%%%%%%%% 
fprintf(2,'Waring: It may take long time for the calculation with TOO MANY 

droplets.\n'); 
fprintf(2,'        You can refer CPUTIME in the result\n'); 
n_small = input('enter the number of small droplet: '); 

  
m = 1:1:n_small; 
x = d_ini_small - (m-1)*d_small;  
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%%%%% time calculation %%%%%%%%%%%% 
n_col = input('enter the number of columns for big droplet: '); 

  
p = 1:1:n_col; 
x_col = d_ini_big + (p-1)*d_big; 

  
x_begin = x_col - r_big; 
x_end = x_col + r_big; 

  
xr = x + r_small; 
xl = x - r_small; 

  
for i = 1:1:n_col 
    for j = 1:1:n_small; 
      t_st(i,j) = (x_begin(i) - xr(j))/u_small; 
      t_end(i,j) = (x_end(i) - xl(j))/u_small; 
    end 
end 

  
% t_st refers to time when oil droplet enters the region of water droplet. 
% t_end refers to time when oil droplet leaves the region of water droplet. 

 
% The collision period begines from each element of t_st and the counterpart 
% of t-end matrix. 

  
for ii = 1:1:t_end(1,1)- t_st(1,1)+1; 
     time(:,:,ii) = t_st + 1*(ii-1); 
end 
% The collision period has been divided into several parts with time step 
% as one microsecond. 

  
%%%%%% number of water droplets calculation %%%%%%%%%%%% 
x_small_final = d_ini_small - (n_small-1)*d_small; 

  
x_big_final = d_ini_big + (n_col-1)*d_big; 

  
time_final = (x_big_final - x_small_final)/u_small; 

  
y_big_final = u_big * time_final; 

  
number_big = ceil((y_big_final - d_ini_big)/d_big + 1); 

  
%%%%%% location calculation for each water droplet%%%%%%%%%%%% 
n_big = number_big; 

  
ran_M = rand(n_col,1); 
ran_M(1,1) = 1;  
ran_M(n_col,1) = 1;  
y_ini = d_ini_big*ran_M; 

%% random vector used based on the random location of water droplet. 

  
y = zeros(n_col,n_big); 
n = 1:1:n_big;  
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for k = 1:1:n_col; 
    y(k,:) = y_ini(k,1) + (n-1)*d_big; 
end 

 
%%%%%% distance calculation %%%%%%%%%%% 
[r0,c0,p0]= size(time); 

  
j = 0; 
for cc = 1:1:n_col; 
for mm = 1:1:n_small; 
for nn = 1:1:p0; 

    
   t = time(cc,mm,nn); 

    
   for s = 1:1:n_small; 
   for ss = 1:1:n_big; 
       M(s,ss) = ((x(s)+Vx*t-x_col(cc)).^2 +(y(cc,ss)+Vy*t).^2).^0.5; 
   end   
   end 
     

%%%%%% distance calculation %%%%%%%%%%% 
       A = find(M < Rs); 

  
       if size(A) ~= 0; 
       [s0,b0] = find(M < Rs); 

  
       j = j + 1; 

       
       small0(j,1) = {s0}; 
       big0(j,1)= {b0}; 

       
       col0(j,1)= {cc}; 
       m00(j,1)= {mm}; 
       n00(j,1)= {nn}; 

       
       t00(j,1)= {t}; 

           
       end 

  
end   
end 
end 

  
small = cell2mat(small0); 

  
small_bak = small; 

  
big = cell2mat(big0); 
col = cell2mat(col0); 
t0 = cell2mat(t00); 

  
[~,idxs,~] = unique(small, 'first'); 
small_med = zeros(length(small_bak),1); 
small_med(sort(idxs)) = small(sort(idxs)); 
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small_dif = (small_med == small_bak); 

  
idx = find(small_dif == 0); 
big(idx)= []; 
col(idx)= []; 
t0(idx)= []; 

  
small_final = small(sort(idxs));  

  
Final = [[small_final] [big] [col] [t0]]; 

  
Num_absorbed = length(small_final); 
captured_fraction = Num_absorbed/n_small; 

  
date = datestr(now,30); 
% this will tell us time right now, which is the name of storage document.  

 
cpu_used = cputime; 

  
file_name = sprintf('%s.txt',date); 
fid = fopen(file_name,'wt'); 

  
fprintf(fid,'the setting of this simulation\n'); 
fprintf(fid,'-----------------------------\n'); 
fprintf(fid,'the radius of big droplet: %i micrometer \n',r_big); 
fprintf(fid,'the radius of small droplet: %i micrometer \n',r_small); 
fprintf(fid,'the flow rate of liquid for big droplet:% 2.1f gals/min = %5.4i 

cubic meter/sec \n',V10,V1); 
fprintf(fid,'the power supply for steam generation: %i kW \n',Power); 
fprintf(fid,'the flow rate of gas feeding: %i cubic ft/min = %5.4f cubic 

meter/sec \n',V_total0,V_total); 

  
fprintf(fid,'the number of small droplet: %i\n',n_small); 
fprintf(fid,'the number of big droplet in each column: %i\n',n_big); 
fprintf(fid,'the number of columns for big droplet: %i\n',n_col); 

  
fprintf(fid,' \n'); 
fprintf(fid,' \n'); 
fprintf(fid,' \n'); 

  
fprintf(fid,'the parameter calculation for the simulation based on the listed 

setting\n'); 
fprintf(fid,'-----------------------------\n'); 
fprintf(fid,'the velocity of small droplet is %5.2f micrometer/microsecond 

\n',u_small); 
fprintf(fid,'the distance between two small droplets is %5.2f 

micrometer\n',d_small); 
fprintf(fid,'the velocity of big droplet is %5.2f micrometer/microsecond 

\n',u_big); 
fprintf(fid,'the distance between two big droplets is %5.2f 

micrometer\n',d_big); 

  
fprintf(fid,' \n'); 
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fprintf(fid,' \n'); 
fprintf(fid,' \n'); 

  
fprintf(fid,'This simulation took %5.4f cpu seconds.',cpu_used); 

  
fprintf(fid,' \n'); 
fprintf(fid,' \n'); 
fprintf(fid,' \n'); 

  
fprintf(fid,'the result of this simulation\n'); 
fprintf(fid,'-----------------------------\n'); 
fprintf(fid,'The captured fraction of small droplets are 

%4.3f\n',captured_fraction); 

  
fprintf(fid,' \n'); 
fprintf(fid,' \n'); 

  
fprintf(fid,'small big column time\n'); 
fprintf(fid,'----- --- ------ ----\n'); 
fprintf(fid,'%3i %4i %5i %6.2f\n',Final'); 

 

number_big = n_col*n_big; 
plot_big=[1:1:number_big]; 
plot_big_matrix = vec2mat(plot_big,n_col); 
[big_each,big_column] = ind2sub(size(plot_big_matrix),plot_big); 

  
plot(col,big,'xr','linewidth',5) 
hold on 
plot(big_column,big_each,'o') 

 

2. The sample results 

 

the setting of this simulation 

----------------------------- 

the radius of big droplet: 100 micrometer  

the radius of small droplet: 10 micrometer  

the flow rate of liquid for big droplet: 0.6 gals/min = 3.7854e-05 cubic 

meter/sec  

the power supply for steam generation: 60 kW  

the flow rate of gas feeding: 100 cubic ft/min = 0.0472 cubic meter/sec  

the number of small droplet: 100 

the number of big droplet in each column: 60 

the number of columns for big droplet: 7 

 

  

  

the parameter calculation for the simulation based on the listed setting 

----------------------------- 

the velocity of small droplet is 10.35 micrometer/microsecond  

the distance between two small droplets is 813.16 micrometer 

the velocity of big droplet is 12.05 micrometer/microsecond  

the distance between two big droplets is 1825.21 micrometer 

This simulation took 163.4578 cpu seconds.  
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the result of this simulation 

----------------------------- 

The captured fraction of small droplets are 0.960 

  

  

small big column time 

----- --- ------ ---- 

  1    1     1   3.00 

  3    2     1 158.15 

  5    3     1 316.30 

 22   12     1 1668.06 

 24   13     1 1817.21 

 26   14     1 1970.36 

 28   15     1 2124.51 

 30   16     1 2279.66 

 49   26     1 3787.58 

 51   27     1 3937.72 

 53   28     1 4090.87 

 55   29     1 4245.02 

 57   30     1 4401.17 

 76   40     1 5908.09 

 78   41     1 6059.24 

 80   42     1 6212.38 

 82   43     1 6366.53 

 84   44     1 6522.68 

 14    9     2 1210.84 

 16   10     2 1362.98 

 18   11     2 1516.13 

 20   12     2 1671.28 

 41   23     2 3332.35 

 43   24     2 3483.50 

 45   25     2 3637.64 

 47   26     2 3791.79 

 68   37     2 5452.86 

 70   38     2 5605.01 

 72   39     2 5758.16 

 74   40     2 5913.30 

 95   51     2 7573.37 

 97   52     2 7725.52 

 99   53     2 7879.67 

  2    4     3 447.31 

  4    5     3 597.46 

  6    6     3 750.61 

  8    7     3 904.76 

 10    8     3 1060.91 

 29   18     3 2566.82 

 31   19     3 2718.97 

 33   20     3 2872.12 

 35   21     3 3026.27 

 37   22     3 3182.42 

 56   32     3 4687.33 

 58   33     3 4839.48 

 60   34     3 4992.63 

 62   35     3 5146.78 

 64   36     3 5303.93 

 83   46     3 6807.84 
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 85   47     3 6959.99 

 87   48     3 7114.14 

 89   49     3 7268.29 

 91   50     3 7425.44 

 21   15     4 2116.59 

 23   16     4 2267.74 

 25   17     4 2419.89 

 27   18     4 2574.04 

 48   29     4 4237.10 

 50   30     4 4388.25 

 52   31     4 4541.40 

 54   32     4 4695.55 

 75   43     4 6357.61 

 77   44     4 6508.76 

 79   45     4 6661.91 

 81   46     4 6817.06 

 13   12     5 1661.36 

 15   13     5 1812.51 

 17   14     5 1966.66 

 19   15     5 2120.81 

 40   26     5 3781.88 

 42   27     5 3934.02 

 44   28     5 4087.17 

 46   29     5 4242.32 

 67   40     5 5902.39 

 69   41     5 6054.54 

 71   42     5 6208.68 

 73   43     5 6363.83 

 92   53     5 7872.75 

 94   54     5 8022.90 

 96   55     5 8176.05 

 98   56     5 8329.20 

100   57     5 8485.34 

  7   10     6 1361.29 

  9   11     6 1514.43 

 11   12     6 1669.58 

 32   23     6 3330.65 

 34   24     6 3481.80 

 36   25     6 3635.95 

 38   26     6 3790.09 

 59   37     6 5451.16 

 61   38     6 5603.31 

 63   39     6 5756.46 

 65   40     6 5911.61 

 86   51     6 7571.67 

 88   52     6 7723.82 

 90   53     6 7877.97 
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Figure C.2.1: the sample  figure about calculation results of model program  

The blue circle indicates the water droplet for this model, while the red spot indicates the captured oil aerosol 

by water droplet. As is shown in the figure above, there are 96 captured oil aerosols. 

 

1 2 3 4 5 6 7
0

10

20

30

40

50

60


