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ABSTRACT 
 

Enhancing the production in liquid loading natural gas wells using acoustic liquid 

atomizers tool is proposed as a possible artificial lift method. The more liquid converted to 

droplets, the more available gas to carry the liquid to the surface resulting in an increase in 

production. The acoustic atomizer was selected to be the atomization device as it can create very 

small droplets at certain frequencies leading to a mist flow. 

The contribution of this research includes obtaining experimental data using different 

laboratory procedures for horizontal and slightly inclined tubing. Two-phase (gas and water) 

streams along the test section and injection lines are joined to the test section to introduce gas and 

water at desired rates. An installed ultrasonic atomizer inside the test section is used for a better 

understanding of the atomization mechanism as an artificial lift technique. Several experiments 

with variation of the factors influencing the acoustic properties are tested. Different liquid and gas 

rates are injected, four different frequencies, two different flow pipe inclination angles, and two 

different acoustic device orientations. 

The results showed that when using frequencies of 62 and 62.5 kHz, the results were almost 

identical for horizontal and slightly inclined pipe. Both frequencies reduced liquid film 

accumulation by 1% at lower (0.001 m/s) and higher (0.0168 m/s) liquid velocities while gas 

velocity was kept at 14 m/s. 

The performance of the acoustic tool was highly dependent on the orientation of the tool 

inside the flowing loop due to its atomizer geometry, shape and size. Sprayers facing up (0o, 

original case) helped the droplets to be carried by the gas since the gas occupies the top portion of 

the pipe and did not block the atomizer. The sprayers failed to work while facing the bottom of the 
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pipe (180o). Water started accumulating around the sprayers, plugging the atomizer and hindering 

it from working. Using an orientation of 90o (sprayers facing sideways) gave better results and 

positive impact in reducing the liquid film level. 

The efficiency of the tool decreases in slightly inclined wells. As more liquid quantity 

accumulated in the well, the atomization technique seems to be slow in reducing the liquid film 

height. Using four stages of sprayers was an extremely reserved approach in a 6 inch pipe. 

The CFD results showed that water liquid droplets of size 30 µm follow the pathway along 

the tool surface due to low mass of the droplets and high air velocity. This phenomenon is called 

wall impingement where the droplets are very small and clustering on the wall. The 200 and 300 

µm water liquid droplets kept their inertial high chaotic movements in all directions within the 

computational domain due to the increased weight of the droplets where they withstand back 

pressure from high turbulent air velocity and tend to keep their inertial turbulent movement. 

Comparison between the experiments and the CFD computation shows that generating a 

droplet size of 30 µm gives lower improvement in reducing liquid film height. However, 

generating 200 or 300 microns predict higher improvement. In reality, having larger size droplets 

could reduce the droplet impingement but it might have the risk of falling back. 

This research presents a set of diverse experimental data to confirm acoustic atomization 

can be used as a possible artificial lift technique. The technique shows 1-4% improvement which 

can be experimental error or in experimental control. In addition, the device used in the lab needs 

more improvement to work as efficiently as other artificial lift techniques to enhance the 

production. 
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This investigation can improve liquid loading well cases without the need to use chemicals. 

This technique has never been used in the oil and gas industry and continued evaluation of such a 

method is a vital addition to the oil and gas industry as it will help enhance the production and 

provide a possible new artificial lift technique.  
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𝑃%&'  Maximum pressure, kPa, [ML-1T-2] 

𝛥𝑃(  Injection pressure differential across nozzle, kPa, [ML-1T-2] 

𝑄(  Volumetric flow rate for liquid, m3/s, [L3T-1] 

𝑅)  Reynold’s number, [Dimensionless] 
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𝑈*+,% Downward liquid film velocity, [LT-1] 

𝑈, Liquid velocity, m/s, [LT-1] 

𝑈-&.) Upward liquid wave velocity, [LT-1] 

𝑢,  Liquid velocity, ft/s, [LT-1] 

𝑉/#  Terminal velocity for Coleman et al.’s model, ft/s, [LT-1] 

𝑉(+  Terminal velocity for Li et al.’s model, m/s, [LT-1] 

𝑉0#  Terminal velocity for Nosseir et al.’s model, ft/s, [LT-1] 

𝑉1  Taylor bubble rise velocity for Sutton et al.’s model, ft/s, [LT-1] 

𝑉23 Terminal velocity for Turner et al.’s model, ft/s, [LT-1] 

𝑉4ℎ  Terminal velocity for Zhu and Yuan’s model, ft/s, [LT-1] 

𝑣 Liquid kinematic viscosity, ft2/s, [L2T-1] 

𝑊) Weber number, [Dimensionless] 

𝑦, Liquid holdup, [Dimensionless] 

𝜇5   Gas viscosity, lbm/ft s, [ML-1T-1] 

𝜇(  Liquid viscosity, m2/s, [ML-1T-1] 

𝜌6  Gas density, kg/m3, [ML-3] 

𝜌5   Gas phase density, lbm/ft3, [ML-3] 

𝜌,  Liquid density, kg/m3, [ML-3] 

𝜌(	  Liquid phase density, lbm/ft3, [ML-3] 

 𝜎  Interfacial tension, dynes/cm, [MT-2] 

𝜎0 Surface tension, N/m, [MT-2] 

𝜋  Pi constant = 3.14, [Dimensionless] 
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CHAPTER 1 

INTRODUCTION 
 

Artificial lift techniques were introduced in the oil and gas industry to improve production 

by lifting the fluid to the surface. There are many artificial lift systems used to lift the fluid 

depending on the need of each well. In any multiphase flow system, there exists an issue called 

liquid loading in natural gas wells. This phenomenon happens once the gas velocity is not sufficient 

enough to carry the liquid to the surface. To resolve or mitigate this problem, an artificial lift 

method or chemical injection to break the liquid is used. 

The focus of this study is proposing a new artificial lift technique, which includes an 

ultrasonic atomizer, to break the liquid into smaller droplets. The ultrasonic atomizer uses 

frequency to vibrate its plate, and once liquid touches the plate, it breaks to produce a spray. This 

liquid breakup converts the flow into mist, thus helping the gas to lift the smaller droplets to the 

production surface. Unfortunately, this method lacks broad research results since it is a new 

technique patented by Chevron recently in order to be used in the future (Harris 2017). 

This research was performed to provide a better understanding of using this method as a 

possible artificial lift method and to see its performance in increasing the production and reducing 

liquid loading issues in horizontal and slightly slanted wells. Multiple tests were performed in the 

lab under different conditions to provide insight of how to use acoustic atomization in an optimum 

practice in liquid loading gas wells.  
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1.1 Research Motivation 

The EIA (2019) shows that the U.S. energy consumption of natural gas produced from both 

conventional and unconventional resources has been growing since 1950. The natural gas 

consumption reached 28 % of US energy consumption by 2017 and is projected to increase even 

more by 2035. The high productivity of conventional gas, tight gas, shale gas and coal-bed methane 

controlled the supply and demand equation of natural gas in the U.S. This can be vividly be seen 

in the EIA report (Figure 1.1) of natural gas consumption during the year of 2017. The U.S. used 

around 27.2 Tscf of natural gas production while the total natural dry gas production was only 27.1 

Tscf (EIA, 2019). According to EIA, there are about 600,000 gas wells in the United States (see 

Figure 1.2). By some estimates, 70% to 80% of gas wells are low rate and below 300 Mscf/D. 

Therefore, maybe 400,000 or 500,000 gas wells are at danger of having low or ceasing production 

from liquid loading phenomenon unless artificial lift (AL) is properly used (EIA 2019). 

Liquid loading is a serious problem that can cause erratic, slugging flow and declined 

production. If the liquid is not removed continuously, it may kill the well. To understand this 

phenomenon and apply corrective action, it is important to study the behavior of multiphase flow 

inside a conduit and the source of this problem.  
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Figure 1.1 Gas consumption in Tcf per year in the United States (EIA 2019). 

 
This study investigates the viability of using an ultrasonic atomizer technique as a possible 

artificial lift method in liquid loading gas wells. The proposed method is environmentally friendly 

and will reduce the formation damage caused by injected chemicals to resolve some loading issues. 

 

Figure 1.2 Number of natural gas wells per year in the United States (EIA 2019). 
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1.2 Problem Statement 

The aim of this research is to alleviate the problem of liquid loading in gas wells and to 

enhance the production using acoustic liquid atomizers. The proposed atomization technique can 

be used as a possible artificial lift system. The more liquid that is converted to droplets; the more 

likely gas can carry the liquid to the surface resulting in an increase in production. The acoustic 

atomizer was selected to be the atomization device as it could create very small droplets at high 

frequency leading to a mist flow. 

Chevron’s contribution has been invaluable due to their guidance and constant supervision, 

as well as for providing necessary information regarding the acoustic patent experimental results 

and loaning their device to fulfill the purpose of this research. This dissertation’s contribution 

includes more experimental results differing from those acquired to date by Chevron. The testing 

is done in a 6-inch inclined pipe, while Chevron’s was done in a vertical configuration with a 2-

inch pipe ID. This dissertation also includes obtaining experimental data using various laboratory 

procedures of liquid atomization. As a result of this research, the acoustic atomizer is validated as 

a viable artificial lift option in gas reservoirs at low rate wells. For this purpose, it is essential to 

understand the fundamentals of the liquid loading problem and the physics behind the multiphase 

flow after using atomizers in order to optimize this technique. Different liquid rates and operating 

conditions are needed for this investigation rate. 

1.3 Research Objectives 

This acoustic artificial lift study was focused on three main areas: 

● Determine a base case study for liquid atomization in liquid loading low gas flow rate wells 

in slightly inclined wells. This builds a solid foundation for the proposed artificial lift 

system to minimize liquid accumulation in wells. 
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● Evaluate the new system’s performance at different frequencies. This step produces more 

knowledge about the best liquid droplet size distribution needed to enhance the production. 

The size of the droplet can affect the liquid behavior and fluid dynamics after applying the 

atomization mechanism. 

● Investigate the proposed system’s effects on wall impingement and liquid fall back 

phenomena. Droplet wall impingement and liquid fall back may cause a change in the 

liquid behavior in the pipe that can produce better or worse atomization results. 

● Simulate the proposed system using a CFD model to establish a solid foundation of 

utilizing this atomization technique in artificial lift operations. This simulation includes the 

sensitivity test of different droplet size effects on the flow. 

1.4 Tested Materials and Fluids 

This research has been done to test ultrasonic atomization as a new possible artificial lift 

technique for liquid loading gas wells. Water and air were chosen to represent field gas and the 

liquid loading issue as the gas flow rates drop. An acoustic atomizer device was installed inside a 

6-inch ID flow loop system to conduct tests under low gas velocity conditions. All fluids and 

materials used in this experimental setup were available at the Colorado School of Mines except 

for the ultrasonic atomizer tool which was donated by Chevron to help complete this research. 

1.5 Thesis Overview 

This dissertation includes lab experimental work that is discussed in eight chapters. Chapter 

1 presents the motivation and objectives for doing this research. Chapter 2 talks about the 

background and the literature review of liquid loading issue, critical gas velocity and atomization 

technique in the oil industry. Chapter 3 summarizes the experimental setup, apparatus, method, 
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and tests considered. Chapter 4 and Chapter 5 demonstrate the experimental results and discussion 

of the critical gas velocity, liquid accumulation reduction and device performance, respectively. 

Chapter 6 addresses the applications of this technique in the oil industry and its benefits and 

drawbacks. Chapter 7 shows the simulation of the device and the sensitivity analysis. Chapter 8 

closes out this dissertation by highlighting the main outcomes and imparting recommendations for 

further future work. 
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CHAPTER 2 

LITERATURE REVIEW 
 

In the following sections, a literature review was done about liquid loading and the 

correlations developed on estimating its occurrence. Along with that, an overview about 

atomization methods and ultrasonic atomizers is provided. 

2.1 Multiphase Flow in Gas Wells 

There are different types of natural gas reservoirs and each one of these types has its own 

unique characteristics and is categorized using its composition and its PVT phase diagram. The 

main types are dry gas, wet gas and retrograde-condensate reservoir. Throughout the production 

of a gas well, it generally produces the gas and liquid together under the name of multiphase flow 

in the wellbore.  

For a better understanding of the liquid loading problem, it is essential to understand liquid 

and gas behavior while they are flowing in the production stream. This theory is called “multiphase 

flow” and studies two or more phases flowing in a media. Under defined properties of the pipe and 

the phases flowing inside it, the gas and liquid phase, a gas-liquid pipe-flow forms a certain flow 

pattern, controlled by the orientation of the pipe, and gas and liquid flow rates. The flow pattern is 

defined as the geometric scattering of both phases in the pipe (Hewitt and Roberts 1969). From 

Figure 2.1, the upward gas flow rate in a vertical pipe is low to begin with. Steadily escalating the 

gas flow rate, while fixing the liquid flow rate at a constant value, the subsequent flow patterns 

can occur (Hewitt and Hall-Taylor 1970; Hetsroni 1982; Hewitt 2012): 
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● Bubbly flow: Bubbles of gas at nearly uniform size present within the continuous liquid 

phase due to buoyancy flow upward (Hewitt and Roberts 1969; Taitel et al. 1980; 

Biesheuvel and Gorissen 1990; Hewitt 2012). 

● Slug flow: Ascending gas bubbles enlarge and coalesce into larger bubbles through the 

continuous liquid phase. Tiny gas bubbles are entrained in between two liquid Taylor- 

bubbles (Hewitt and Roberts 1969; Taitel et al. 1980; Hewitt et al. 1985; Govan et al. 1991; 

Hewitt 2012). 

● Churn flow: the flow alters into continuous gas phase instead of liquid. Some liquid might 

be entrained as droplets in the gas. The flow is extremely volatile with fluctuating nature 

while the liquid adjacent to the pipe wall constantly vibrates up and down (Hewitt 2012; 

Taitel et al. 1980). 

● Annular-mist flow: The gas phase becomes continuous and most of the liquid phase is 

entrained in the gas as mist and moves partially as a thin wavy film laterally with the pipe 

wall, and partially as droplets in the turbulent gas phase (Duns and Ros, 1963; Taitel et al.  

1980; Hasan and Kabir, 1998; Ansari et al. 1994; Hewitt 2012). 
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Figure 2.1 Flow patterns for vertical upward gas-liquid flow (van’t Westende 2008). 

In a horizontal pipe, the gravity suspends the axisymmetric pattern: the heavier phase 

settles in the bottom region of the pipe due to the gravitational force (Taitel and Dukler 1976). The 

flow pattern in low gas flow rate horizontal wells is regulated by the liquid flow rate (Dukler and 

Taitel 1986; Taitel and Barnea1990). Beginning with lower liquid flow rate, and increasing the 

liquid flow rate steadily, while keeping the gas flow rate perpetual, the following flow-patterns are 

observed (Hetsroni 1982): stratified flow, slug flow, and bubbly flow, as shown in Figure 2.2. At 

high gas flow rates, the flow pattern is said to be annular dispersed flow. In a stratified flow, the 

liquid film is not persistent along the pipe boundary: i.e., the uppermost of the pipe is not coated 

with a constant liquid film. Due to the gravitational force, for stratified flow and annular dispersed 

flow, the droplet intensity, and the film thickness is greatest in the lowermost region of the pipe 

(Taitel and Dukler 1976; Hetsroni 1982). 
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Figure 2.2 Flow patterns for horizontal gas-liquid flow (van’t Westende 2008). 

It is unusual that only one flow regime exists in a flow stream. It is common that a gas well 

experiences all of the flow regimes during its lifetime production (Lea et al. 2008). Even more 

than one type of flow regime can occur simultaneously in the well due to gas expansion while 

flowing inside the production tubing (Lea et al. 2008). The velocity of the flow is a function of the 

cross-sectional area leading to diverse flow regimes before and after the production packer if the 

well has one (Lea and Rowlan 2019). Due to the change in bottom-hole conditions, the flow 

regimes at the perforations might differ from the one at the surface (Lea et al. 2011). 

2.2 Liquid Loading 

As mentioned above, there are four flow regimes under multiphase flow in a vertical pipe 

called bubble flow, slug flow, transition flow and annular-mist flow. These four regimes are 

controlled by the velocity of liquid and gas phases plus the relative quantity of both phases in the 

media. Once the velocity of the gas drops, the flow regime changes from mist to bubble flow. The 

liquid content in bubble flow is much more than a mist causing an increase in produced liquid 



 

11 

quantity as the flow regime alters. This indicates that when a reduction of reservoir pressure causes 

a decrease in the gas velocity, the amount of produced liquid will increase. Subsequently, the gas 

flow rate is no longer sufficient to push the liquid completely to the surface, and some of the liquid 

phase accumulates downhole, countercurrent with the gas flow. This can cease the inflow of gas 

from the reservoir into the production tubing and terminate the production of gas: a phenomenon 

called liquid loading, which is demonstrated in Figure 2.3. Its occurrence, discussed in the 

literature, is related to the film flow or the dispersed droplet-flow (Oudeman 1990).  

The onset of liquid loading is widely anticipated using a correlation established by Turner 

et al. (1969). This correlation computes the critical gas velocity that can help the production of 

liquid. Once the gas velocity in the production tubing decreases to less than minimum velocity, 

liquid loading will occur. 

Due to the liquid loading phenomenon, the reservoir experiences a decline in gas 

production when the ratio of liquid to gas surpasses the limit of allowable liquid content. As a 

result, the produced liquid will condense in the well imposing back pressure to the formation, 

which will reduce the production due to higher pressure loss in the wellbore. Eventually, this leads 

to the cessation of gas production. The two main mechanisms for the formation of liquid loading 

phenomena are droplet flow reversal and liquid film flow reversal (Waltrich 2012). 
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Figure 2.3 Liquid loading illustration in gas well. (a) initial production with high gas rate and 
annular flow regime; (b) Early production with high gas rate and clearly annular flow despite very 
high liquid flow rate due to fracturing fluid flowback (in the case of unconventional wells); (c) 
Annular to churn flow transition with partial liquid film reversal and higher wellbore liquid 
content; (d) Various flow regimes take place along the tubing, partial flow reversal at top part of 
the tubing, highest liquid content at the bottom; (e) Metastable condition (Gaol 2016). 

2.2.1 Critical Velocity for the Formation of Liquid Loading Models 

Many models were developed to evaluate the causes of liquid loading, and the associated 

signs and gas performance under these circumstances. These models also investigate how to 

manage production under different conditions, resolve the liquid loading issue and enhance the 

production in gas wells.   

Turner et al. (1969) predicted the first model to estimate the formation of liquid loading 

using a set of critical rate calculations. This model incorporates the upward motion of the gas and 

the forces balance concept. The two main forces acting on the droplet are the gravitational force 
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towing the droplet downward and the gas stream dragging force pulling the droplet upward (see 

Figure 2.4). This model assumes hard, spherical particles in a persistent turbulent flow regime. 

The Turner et al.’s critical loading velocity was defined as the terminal velocity needed to suspend 

the largest liquid droplet at the wellhead. Terminal velocity is a function of the droplet’s size, shape 

and density and the density and viscosity of the flow medium. Hence, from their equations, higher 

terminal velocity is necessary for a larger drop. In order to validate the model, 90 wells were tested 

with Turner et al.’s (1969) original critical velocity model and were able to match 66 of them. In 

addition, 77 wells were matched with the 20% upward adjustment model (Turner et al. 1969). The 

adjustment was increasing the coefficient of Equation 2.1 by 20% of its actual value to match the 

dataset. Turner et al. (1969) suggested the 20% adjustment to the model due to two reasons, the 

usage of drag coefficients for solid spheres shape instead of oscillating liquid drop shape, and the 

critical Weber number. The Weber number represents the ratio of inertia-to-surface tension forces 

(Ashgriz 2016).   

 

Figure 2.4 Forces acting on a droplet with diameter Dp traveling in a gas stream (Bothamley 2013). 
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Another method used to predict liquid loading based on Turner et al.’s work is Coleman et 

al.’s (1991) model. They advised that Turner et al.’s 20% upward adjustment model is not needed 

for low gas flow rate wells and low wellhead pressure. The Turner et al.’s model without 

adjustment matched the actual field data. However, the data sets used in Coleman et al.’s work 

were at low wellhead pressures, which implies that the well was at ending conditions. Nosseir et 

al. (2000) justified that both the Turner et al.’s model and Coleman et al.’s model disregarded flow 

regime conditions for their dataset resulting in the previous discrepancies of their models with real 

field data. Not considering the flow regimes affected the shape of the drag coefficient and hence 

the critical velocity equation. Nosseir et al. (2000) matched Turner et al. and Coleman et al.’s field 

datasets by modifying the critical velocity equation with flow regime conditions. They developed 

two analytical droplet models; one for transition flow regime, and other for a highly turbulent flow 

regime to enfold various flow circumstances. 

Li et al. (2001) developed a model that takes into consideration the droplet shape due to 

pressure forces acting on it. They pointed out that the droplet entrained in a high velocity gas 

stream is deformed into the shape of a convex bean. Their production performance analysis 

included load-up, near load-up and unloading gas wells. The resultant model estimates the critical 

flow rate to keep the gas well unloaded considering the influence of droplet deformation. In 2003, 

Veeken et al. agreed with the Turner et al. model; however, they suggested a ratio expression called 

“Turner Ratio” (TR) described as the actual flow rate divided by the minimum flow rate predicted 

by the Turner et al. model for constant removal of liquids. Veeken et al.’s model integrated 

deviated wells. The predicted critical velocity for deviated wells is similar to vertical wells. To 

evaluate the critical velocity at bottom-hole circumstances, an inflow performance parameter was 



 

15 

added to the Turner Ratio. The resulting flow rate from Veeken et al.’s model was higher than the 

Turner et al.’s model projected, to continuously remove liquids at low pressures. 

Sutton et al. (2003) compared the analysis methods published to calculate the static liquid 

columns in wellbore and concluded that Turner et al.’s method can be utilized to evaluate the 

subcritical rates to unload wells. Their paper also mentions the adverse influence of the liquid 

loading phenomenon on the productivity of a well. The static liquid column condenses and can 

impose a back pressure on the reservoir. Also, it can reduce the effective permeability of the gas 

due to imbibition.  Guo et al. (2006) proposed a new systematic method to evaluate the critical gas 

production rate sufficient to unload a gas well using the minimum kinetic energy theory on a four-

phase flow model. The research was controlled by bottom-hole conditions instead of the top-hole 

conditions. Based on their results, Guo et al. believed that Turner et al.’s technique with the 20% 

adjustment underestimates the critical gas velocity needed to unload a gas well.  

Wang and Liu (2007) assumed that the shape of droplets in a gas stream is disk-shaped and 

developed a new model that they called the disk-shaped droplet model. This model estimates the 

minimum gas velocity to unload the gas well. According to Zhou and Yuan (2010), liquid holdup 

is the third reason that affects the formation of liquid loading.  Two models were developed based 

on the threshold liquid holdup value. The minimum velocity of gas is the same as Turner et al.’s 

model under the threshold liquid holdup number. Yet, if it is beyond the threshold liquid holdup 

number, the minimum velocity is affected by the value of liquid holdup. Both models were 

established using Turner et al.’s droplet model.  

The technology at Turner et al. et al.’s time hindered their established work. For some 

situations, using the wellhead conditions to compute liquid loading can lead to inaccurate liquid 
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loading rate estimation. This could be because of different tubing sizes installation, tapered string 

installation, or if the tubing depth is set higher than the perforation depth (Sutton et al. 2010). Table 

2.1 summarizes some of the critical velocity models discussed above with Equations 2.1 – 2.9.    

Table 2.1 Critical Velocity Models Comparison. 

Critical Velocity (Vc) [ft/s] Note Investigators 
Equation 

Number 

𝑉23 = 1.8949 @𝜎 (𝜌( − 𝜌5)𝜌57 D
8.7:

 
Terminal velocity to 
suspend the biggest 
liquid droplet 

Turner et al. 
1969 

(2.1) 

𝑉/# = 1.5934 @𝜎 (𝜌( − 𝜌5)𝜌57 D
8.7:

 
No need for 20% 
upper adjustment for 
wells with low WHP 

Coleman et al. 
1991 

(2.2) 

𝑉0# = 1.356 @𝜎 (𝜌( − 𝜌5)𝜌57 D
8.7:

 
For transient flow 
regime (Re>1000) 

Nosseir et al. 
2000 

(2.3) 

𝑉0# = 1.978𝜎8.;: (𝜌( − 𝜌5)8.7<𝜇58.<;=𝜌58.<;=  
For highly turbulent 
flow (Re<1000) (2.4) 

𝑉(+ = 1.2373 (1074 − 7.64𝑝)8.7:(7.64𝑝)8.:  
Incorporates droplet 
shape  Li et al. 2001 (2.5) 

𝑉1 = 0.325 @𝜎𝑔 (𝜌( − 𝜌5)𝜌(7 D
8.7:

 
For bubble flow 
regime 

Sutton et al. 
2003 

(2.6) 

𝑉1 = 0.3 K𝑔𝑑 (𝜌( − 𝜌5)𝜌( L8.: 
For slug flow the 
Taylor bubble rise 
velocity 

(2.7) 

𝑉4> = 1.8949 @𝜎 (𝜌( − 𝜌5)𝜌57 D
8.7:

 
For liquid holdup 
below threshold (yl ≤ 
0.01) 

Zhou and Yuan 
2010  

(2.8) 

𝑉4> = 1.8949 @𝜎 (𝜌( − 𝜌5)𝜌57 D
8.7:

+
𝑙𝑛 𝑦,0.01 + 0.6	 

For liquid holdup 
above threshold (yl > 
0.01) 

(2.9) 
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2.2.2 Mechanisms Associated with the Formation of Liquid Loading 

The paper published by van’t Westende et al. (2007) talks about the actual mechanism 

causing liquid loading. van’t Westende et al. ran multiphase flow tests to find the liquid loading 

onset by reducing gas velocity in the lab. Based on droplet size and droplet velocity, van’t 

Westende et al. discovered that liquid loading is related to film flow reversal (Figure 2.5). 

Additionally, the film-flow reversal phenomenon is triggered when the flow regime changes from 

annular to churn (Zabaras et al. 1986; Sekoguchi and Taeishi 1989). Intermittently, liquid 

interfacial waves, Uwave, are travelling at higher velocity with the gas stream. The onset of liquid 

loading is stated as the flow-reversal point and happens below the minimum gas velocity in the 

pressure-gradient graph. Ultimately, liquid (Ufilm) streams counter currently with the gas stream 

when the gas flow rate is decreased even more below the flooding-point. 

Veeken et al.’s (2010) results matched van’t Westende et al.’s (2007) findings where they 

modeled the liquid loading via a transient multiphase flow viable software. The experimental 

results run by Alamu (2012) matched van’t Westende et al.’s conclusion and confirmed that liquid 

loading forms at co-current flow transition from annular to churn flow. Yuan et al. (2013) worked 

parallel to their previous fellows (Veeken, van’t Westende, and Alamu) and performed similar 

experiments in deviated wells, as well as vertical ones and drew the same conclusions. Liquid 

loading is triggered after the formation of film flow reversal due to the alteration of flow pattern 

from fully co-current annular to churn. 
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Figure 2.5 The liquid film flow reversal occurs when flow regime changes from annular to churn 
flow. (a) a cocurrent annular flow and (b) a churn-annular dispersed flow. In churn-annular flow 
droplets are atomized from upward going flooding waves, the base liquid film drains downward. 
In cocurrent flow, droplets are formed from disturbance waves; the liquid film is less thick and 
uni-directional (van’t Westende et al. 2007). 

2.2.3 Problems Caused by Liquid Loading 

A decline in gas production prematurely due to liquid loading leads to a severe financial 

loss and waste of resources. To resolve this critical issue, it should be acknowledged properly and 

early. In the case of high gas rates, the flowing tubing pressure at the sand face and production rate 

will reach equilibrium due to continuous removal of all liquids. The prediction of the well 

performance can be seen in the inflow production relationship curve (IPR). In case of low gas rate, 

the pressure gradient increases in the tubing because of the presence of liquid loading that causes 

an increase in the back pressure on the formation. This increase results in a decrease in the gas 

production rate and might reach a rate below the critical rate needed to remove the liquid. Thus, 

liquid accumulation increases and might eventually kill the well (Lea and Nickens 2004; Lea et al. 

2008; Lea and Tighe 1983; Libson and Henry 1980).  

Most of the gas wells that produce some liquids will have liquid loading as the reservoir 

depletes at some point of time, whether it is a low or high permeability formation (Lea and Nickens 

2004; Lea et al. 2008). If the gas velocity is low, the wells can load up whether it has high gas 
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liquid ratio (GLR) or low.  Some gas well completions have large tubulars and produce 

considerable gas but might have liquid loading issues from the first day (Lea and Nickens 2004; 

Lea et al. 2008; Lea and Tighe 1983; Libson and Henry 1980). 

2.2.4 Deliquification Techniques 

The common purpose of all these researchers is to find the desired conditions to remove 

liquids from gas wells continuously. If the liquid loading issue is not resolved and continues, it 

may cause the well to stop flowing naturally. In this scenario, many solutions can be used to 

alleviate liquid loading in any well. Lea et al. (2008) summarized most of the solutions in their 

book and discussed liquid loading problems in a gas well. The solutions were categorized based 

on the static reservoir pressure. The optimal method to deliquefy a gas well is the one that is 

considered economical for the life of the well, but this is not always practical. The methods 

mentioned by Lea et al. (2008) are using artificial lift mechanism such as plunger lift, gas lift or 

ESP, considering the size of the production strings to control the flow pattern and increase gas 

velocity, injecting foaming agent, or installing a compressor. The initial step to predict liquid 

loading is identifying well symptoms, computing critical velocity and investigating Nodal 

analysis. Surfactants can be injected to resolve the issue initially as it is cheaper but should be 

checked as a cost-effective method for the long term. Installing smaller diameter tubing can help 

increase the flow for high flow rate ranges and is considered as a cost-effective method but will 

have to be ultimately downsized to flow continuously.  

Whereas there are numerous suggested methods; there is not a solution that is considered 

as an ultimate or single solution because solving liquid loading problems depends on different 

reservoir and wellhead conditions plus liquid properties. As Belfroid et al. (2008) mentioned in 

their paper, the prediction of liquid loading onset is still under development and computing the 
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minimum critical gas velocity needed to unload the gas well is not yet consistent. Hence, the liquid 

loading problem is critical and resolving the issue is deliberated on a case-by-case basis following 

a composed methodology. 

The acoustic lift technique is a new method that is suggested by Christansen (2003) as a 

possible technique to deliquefy liquid accumulation in gas wells and enhance production. An 

ultrasonic wave is generated from an acoustic tool while the tool is moved within the wellbore to 

vibrate liquid molecules within the wellbore and atomize liquid content by the ultrasonic wave, 

which is then transported to the surface by the produced gas from targeted formation. There has 

been much interest in developing a new artificial lift technique that is reliable as well as affordable 

to resolve the liquid loading issue in the industry (Harris 2017). The basic physics of this technique 

is still not fully understood and for applying such a concept, a better understanding is highly 

demanded. It is best to check if this type of atomization is suited for the oil industry and how the 

liquid properties and operating conditions are affecting its performance. 

2.3 Atomization 

The atomization technique is the process of breaking liquid into smaller droplets (Lefebvre 

1989). This technique is applied through different type of sprays such as atomizers or nozzles. The 

liquid sheet breaks down due to either of the following: 1) the kinetic energy of the liquid stream; 

or 2) the vibration or rotation of device transferring mechanical energy to the liquid and the 

encounter to elevated gas velocity stream. These different processes result in different droplet size 

distribution (Bachalo 2000; Lefebvre and McDonell 2017). The focus of this research is on one 

type which is atomization through a vibrating device. 

The atomization procedure is related to the sum of forces affecting the surface tension 

internally or externally. These forces disturb the stability of liquid surface tension. Once the 
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summation of forces exceeds the surface tension of the liquid, the droplets start to disengage from 

the liquid film and migrate into the gas stream direction (Mao and Tate 2000; Lipp 2006; Lipp 

2020). Moreover, the acting forces on the liquid surface could trigger the breakup of the bulk 

liquid. Although this defines the atomization technique, the atomization of bulk liquid may have 

different forms. The characteristics of liquid droplet disintegration such as droplet size distribution, 

shape, velocity, density and penetration are highly controlled by the core geometry of the 

atomizers, the medium properties flowing within, and the liquid physical properties. All these are 

essential in the advancement of jet or sheet (Saeedipour et al. 2017; Lefebvre and McDonell 2017). 

2.3.1 Static Drop Formation 

The first process of atomization is droplet development. The droplet starts separating from 

the liquid bulk as soon as the gravitational force overcomes the surface tension of the liquid. To 

calculate the mass of the droplet produced, the gravity force is equated to the surface tension force 

acting on the droplet (Lefebvre and McDonell 2017). The mass equation of liquid droplet 

formation in a slow emission from thin circular tube of diameter d0 is showing by Equation 2.10.  

𝑚$ = ?@!A!
6!

             (2.10) 

where mD is drop mass (kg), d0 is the tube diameter (m), 𝜎8  is the surface tension (N/m) and g is 

gravity (m/s2). The droplet size can be calculated from Equation 2.11 (Lefebvre and McDonell 

2017): 

𝐷 = RB@!A!
C"6!

S
#

$
             (2.11) 

where D is drop diameter (m) and 𝜌, is the liquid density (kg/m3) 𝜎8. 
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Droplet disintegration takes place due to the interaction between the liquid and its 

surrounding medium such as bordering air, turbulent flow regions and viscous flow regions 

(Lenard 1904; Kolmogorov 1949; Hinze 1955; Taylor 1934; Lefebvre and McDonell 2017). The 

type of each droplet breakup or deformation depends on the dimensionless Weber number. The 

Weber number determines when the formation of a drop happens. The definition of Weber number 

𝑊! is interpreted as the inertia forces affecting a droplet over the surface tension force of the liquid 

generating the droplet as shown in Equation 2.11 (Lefebvre and McDonell 2017). The critical 

Weber number computed at critical conditions causing droplets to form due to certain fluctuations 

at the previous three basic types of drop breakup is shown in Equation 2.12: 

𝑊) = C"D"
%$

A!
             (2.12) 

where Ul is the velocity (m/s), 𝜎 is the liquid surface tension (N/m) D is the droplet diameter (in). 

Any standard spray incorporates a broad spectrum of drop sizes. Understanding the droplet 

size distribution is useful in assessing proceeding operations using sprays such as mass or heat 

transmission between the discrete liquid and its adjacent medium (Lefebvre and McDonell 2017). 

Nonetheless, the study of hydrodynamic and aerodynamic theories related to jet or sheet breakup 

that develops at typical atomizing settings is insufficient (Lefebvre and McDonell 2017). 

Therefore, empirical correlations are used instead to estimate the average droplet size and its 

distributions. The optimum distribution function for any particular practice is the one that operates 

well and best fits the experimental results (Babinsky and Sojka 2002; Lefebvre and McDonell 

2017). 
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2.3.2 Ultrasonic Atomizers 

There are many types of atomizers but the one focused on in this study is the ultrasonic 

atomizer. For this specific type, the transducer and horn vibrate at certain frequencies that atomize 

liquid as soon as it is supplied. These vibrations caused by ultrasonic frequencies generate the 

required wavelengths for fine atomization. The ultrasonic atomizer demands reasonable frequency 

electrical input, two piezoelectric transducers, and a stepped horn. Generally, applying certain 

frequency sound waves causes liquid to disintegrate into droplets (Abramov 1999). A piezo 

electric plate may be located underneath the liquid to produce high frequency sound waves that 

travel through the liquid. Then, the recurrent compressions and expansions will impose the 

circulation of pressure waves on both sideways of the nozzle spray. Once the induced waves 

surpass the surface tension force of the liquid, the mist of droplets are discharged from the surface 

of the nozzle. The size of the droplets is affected mostly by the frequency values and liquid flow 

rate supplied to the atomizer. Ultrasonic atomizers may work with low frequency input such as 20 

kHz to 100 kHz or with high frequency input that goes up to 3 MHz (Liu 2000; Lefebvre and 

McDonell 2017). Ultrasonic atomizers are categorized into two groups: the capillary waves were 

generated or the spray angles. The common types related to the capillary wave generation method 

are transducer and horn, vibrating capillary surface and ultrasonic twin fluid (Lefebvre 1989; 

Lefebvre and McDonell 2017; Fair 1983; Topp 1973). 

The ultrasonic atomizer with transducer and horn is of interest in this research. 

Manufacturing different ultrasonic atomizers is helpful in different industries, for instance, in 

medical fields, humidification, combustion and in a recent application for solving global warming 

(Liu 2000; Latham 1990). Ultrasonic atomizers are still under study for improvement. There are 

many correlations that have been established based on experimental results, however; these 
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correlations do not include an experimental constant or complex property to resolve (Omer and 

Ashgriz 2011). Table 2.2 summarizes the correlations for the standing wave ultrasonic nozzle 

formula for different investigators. 

Table 2.2 Ultrasonic Atomizers (Ashgriz 2016). 

Correlation 
Conditions for use; 
nomenclature 

Investigators 
Equation 
number 

𝐷;7 = 0.158 T𝜎𝜌,U
8.;:= 𝜇,8.;8;𝑄,8.<;E f = 26 kHz & Q <50 

L/h  
Mochida (1978) (2.13) 

𝐷;7 = 0.53 V𝑄,8.7F𝑑#8.7F𝜇,8.BE𝜌68.=G𝐶88.EFW𝜌,H8.7<𝛥𝑃,H8.7<  C0 is discharge 
coefficient of nozzle 

Hansmann 
(1996) 

(2.14) 

𝐷;7 = 0.53X𝑑#𝜌6𝑈"7𝜌,7𝑈,7𝑃%&'7 𝑅𝑒8.BE Z 
Ds is diameter of 
active surface of 
transmitter 

Bauckhage et al. 
(1996) 

(2.15) 

𝐷<8 = 0.34(8𝜋𝜎𝜌,𝐹7) 
F: vibrating 
frequency, 10 kHz < 
F < 800 kHz 

Lang (1962) (2.16) 

𝐷<8 = X4𝜋;𝜎𝜌,𝐹7 Z
<
;
 

Assuming SMD will 
increase 
proportionally with 
wavelength  

Peskin and Raco 
(1963) 

(2.17) 

𝐷;8 = 0.73 T 𝜎
𝜌,𝐹7U

<
;
 

Difference in 
coefficient, 
conditions same as 
for above equations 

Dobre and Bolle 
(2002) 

(2.18) 
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CHAPTER 3 

TESTING PROTOCOLS 
 

In this chapter, comprehensive explanations of the experimental apparatus and procedure 

are discussed. The most important device is the ultrasonic atomizer. This experimental apparatus 

helps in investigating many aspects of the atomization technique. The measurement device used 

in the experiments was a Phase Doppler Particle Analyzer (PDPA). The measurement with the 

PDPA were carried out in an external laboratory. In Section 3.1, the testing facility is described. 

In Section 3.2, the experimental procedures are presented. Section 3.3 describes the PDPA 

measurements.  

3.1 Testing Facility 

A multiphase flow loop was designed and built for liquid accumulation studies in the High 

Bay of Alderson Hall, see Figure 3.1. The facility has different instrumentation to run three-phase 

flow inside a 6-inch acrylic pipe diameter test section. The system includes coriolis flow meters, 

thermal mass flowmeters, electrical submersible pump (ESP), progressive cavity pump, air blower, 

and a three-phase separator to handle the fluids. The pipe section is linked to a truss system 

supported by a hoist that can lift the straight pipe at different inclination angles ranging from 0° to 

90° starting with the horizontal position. Since this research focuses on the feasibility of using an 

ultrasonic atomizer as an artificial lift technique in liquid loading for two-phase flow, only the 

water and air systems were used. The flow loop facility with the atomizer installed inside can be 

seen in Figure 3.2. Subsections 3.1.1 – 3.1.2 describe the test section and, the experimental facility 

including test fluids and instrumentation, respectively. The testing system is programmed through 

DeltaV in a computer to control the injection rate, acquire data and measurements of pressure, 

temperature, and liquid level inside the flowing system. 
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Figure 3.1 Experimental facility in High Bay. 

 

Figure 3.2 Ultrasonic atomizer tool inside the 6-inch pipe. 

Atomizer

Pump control valve

Pressure sensor

Temperature sensor
Test section

Water injection line to atomizer
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3.1.1 Test Section 

The test section is an acrylic pipe that has a length of 32-ft and internal diameter of 6-inch 

(0.1524 m). The gas and liquid inlets are both linked to the front of the test section. The fluid flows 

back to the separator through an outlet that is coupled to a 6-inch return pipe. The test section has 

eight capacitance probes, three pressure transmitters, three temperature transmitters, and one 

differential pressure transducer. Moreover, two injection and two drainage lines are placed to add 

or cut needed liquid volume. A sketch of the test section can be seen in Figure 3.3 including the 

dimensions.  

 

Figure 3.3 2D schematic of flow loop 6-inch test section (Rastogi and Fan 2019). 
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3.1.2 Experimental Facility 

The experimental facility includes materials and apparatus used to perform tests needed for 

this research.   

3.1.2.1 Materials: 

The facility can run three different fluids - tap water, air, and oil. The current research uses 

two fluids – Golden city tap water and air. The acrylic pressure pipe can handle a maximum 

pressure of 35 psi and ambient lab temperature. 

3.1.2.2 Apparatus: 

The apparatus is composed of the following components: 

AquaPlumb water level sensor probes: placed at different locations in the test section (see 

Figure 3.4 and Figure 3.5) to measure the liquid film thickness.  

 

Figure 3.4 Cross section of the sensor probe used to measure liquid film thickness (Gaol 2016). 
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Figure 3.5 Six sensor probes are placed at the end of the test section. 

DI 2108-P 16 bit: a high-speed data acquisition system is used and coupled to DeltaV to 

provide 0-3 V values.  

Gardner Denver regenerative blower: A gas blower system was installed as a gas source. 

Clean air is sucked in from the building exterior and injected into the test section. The flow 

rates of water and air are recorded using a coriolis flowmeter and thermal mass flowmeter, 

respectively.  

ESP: The water is kept in a tank and supplied to the test section using an electrical 

submersible pump. 

Acoustic atomizer (supplied by Chevron): An ultrasonic stepped-horn sprayer was 

designed and built to fit into a multiple sprayer assembly which would then fit into the 6-

inch ID pipe, see Figure 3.2. Each horn module consists of an ultrasonic sprayer (horn) 

Probe 3

Probe 4

Probe 5

Probe 6

Probe 7

Probe 8
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cavity, a water feed with variable flow orifice, electrical supply wireway, and a pressure 

compensation passage. Test tool assemblies include a lower tapered section with water and 

electrical power feeds, and an upper tapered (flow diffuser) section (see Figure 3.6).  

This sprayer (picture shown in Figure 3.7) has the following features / performance:  

• Axial resonant frequency: 62.5 kHz 

• Power consumption: about 5W each 

• Droplet diameter (water): About 30+ μm 

• Throughput (water): 28mL/min  

A plastic sprayer assembly was proposed and constructed using 3D printing to do the 

lab testing as can be seen in Figure 3.8. The modular design has one sprayer per stage. 

Multiple stages can be connected together to form a multi-sprayer assembly. For testing in 

the laboratory, a 4-sprayer assembly was built for preliminary experiments.  

 

Figure 3.6 Cross section of a stepped horn (courtesy of Chevron 2015). 
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Figure 3.7 Side view of a single sprayer. 

 

Figure 3.8 Ultrasonic atomizer tool with 4 stages (courtesy of Chevron 2015). 

3.1.2.3 Sprayer drive electronics:  

The atomizer tool was operated using the following: 
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Function wave generator Tektronix AFG 3022C: An arbitrary function generator with dual 

channels and 12 different standard waveforms seen in Figure 3.9 is used to produce 

different sorts of electrical waveforms covering large range of frequencies. The sine wave 

is the method used in this device. Frequency and amplitude are controlled by changing the 

numbers precisely. 

 

Figure 3.9 The function wave generator. 

RF power amplifier E&I 2100L: This power amplifier seen in Figure 3.10 is useful for 

ultrasonic atomizers and general laboratory applications. It produces 100 watts of class A 

linear power output with frequency range from 10 kHz to 12 MHz. The power gain is rated 

at 50 dB with a typical gain flatness. 
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Figure 3.10 The E&I radio frequency amplifier. 

RF/ microwave instrumentation IT1003: The AR RF/Microwave instrumentation seen in 

Figure 3.11 is a 750 W and 10 kHz – 1 MHz microwave amplifier that is intended for 

applications where immediate bandwidth, high gain and linearity are needed. It is used here 

to give higher gain beside the RF amplifier signal transferred to the atomizer. 

 

Figure 3.11 The RF/ microwave instrumentation device. 

DC power supply ELENCO XP-605: The ELENCO seen in Figure 3.12 supplies power to 

the inline pump that supplies water to the atomizer. It has different ranges of current and 

voltage setting.  
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Figure 3.12 The DC power supply. 

Slimline submersible and inline pump iL200: The submersible pump needs 12 volts to 

pump the water to the atomizer. Changing the voltage in the DC power supply can drive 

the pump rate up to 12.7 L/min. 

Phase Doppler Particle Analysis (PDPA): The PDPA is capable of measuring diameter and 

velocity simultaneously, but the size measurement is strictly limited to spherical particles. 

Phase Doppler Anemometry (PDA) is a possible option to use because it has the ability to 

measure both velocity and the size of droplets. In this section, more details of the PDA, its 

components, the principle of the PDA, and how to use it are addressed.  

PDA gives a simultaneous measurement of particle velocity and size. It is an 

extension of Laser Doppler Anemometry, LDA, which is used for velocity measurements. 

PDA consists of a set of transmission optics, which are exactly the same as in LDA, and 

receiving optics, which have either two or three detectors, compared with LDA which has 

only one detector. The velocity is calculated from the frequency of the droplet bursts. 
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Although velocity is measured using the same technique as for LDA, particle size 

measurement relies on comparing signals from multiple detectors, which are located at 

different scattering angles. A particle scatters light from two incident laser beams and both 

scattered waves interfere in space and create a beat signal with a frequency, which is 

proportional to the velocity of the particle. PDA detectors detect the signal with different 

phases. The phase difference between the signals received by each detector is proportional 

to the particle diameter, which is explained later in this section.   

The laser is split into two beams and then passed through a convex lens after which 

the beams cross over at the focus of the lens. At the crossing point, also known as the 

measurement control volume (MCV), there is a number of optical fringes occurring inside 

the MCV, and their spaces can be obtained from the light wavelength and the beam angle.   

These fringes are used to measure the velocity component, which is parallel to the 

plane of the fringes. The velocity is determined by the intensity of the scattered light when 

a particle passes through the MCV. The scattered light fluctuates in intensity with a 

frequency equal to the velocity of the particle divided by the fringe spacing. The scattered 

lights interfere in space and create a beat signal with a frequency, which is proportional to 

the velocity of the particle. The signal is collected by one or three detectors for LDA or 

PDA, respectively. The velocity measurement requires only one detector, while particle 

size measurement requires more than one detector as already mentioned. The principal of 

the LDA is based on either light scattering or diffraction principles. LDA provides accurate 

measurements of particle sizes under 2000 µm (Zhou et al. 2015). 
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3.2 Experimental Procedure 

In this section, a description of the experimental procedure and the parameters affecting 

the acoustic atomizer are given in Sections 3.2.1 to 3.2.4. The original objective of this study is to 

evaluate the possibility of using acoustic lift as an artificial lift method to reduce the problem of 

liquid loading in gas wells. Therefore, the operating condition that gives the maximum number of 

droplets transported are determined. Several experiments with variation of the factors influencing 

the acoustic properties are summarized in Table 3.1. 

Table 3.1 Proposed Parameters for Testing. 

Liquid Velocity 

(m/s) 

Gas Velocity 

(m/s) 

Spray Rotational 

(Angle) 

Frequency 

(kHz) 

Pipe Inclination 

(Angle) 

0.001 – 0.017 15 – 22 90o, -90o 61 – 63 0o, 1o 

 

Voltage applied to the piezo-electric ultrasonic crystals in the atomizer sprayer is at a 

constant frequency, and a maximum power is fed when the drive wave-shape is sinusoidal. A RF 

sine-wave source is used to excite a high-power RF amplifier to drive the ultrasonic atomizer tool 

under test. A power supply is connected to a submersible pump to deliver the water to the atomizer 

sprayer.  

3.2.1 Varying Liquid Velocity 

The velocity of the liquid is controlled by a water control valve. The valve is opened at a 

certain percentage to allow the flow of water. The initial injection rate starts at 0.001 m/s and goes 

to 0.0165 m/s. To control the velocity of the gas, a gas control valve is used and operated by 

opening the valve to inject gas at the desired rate. The velocity of the liquid and gas used in the 

first and second test set are summarized in Tables 3.2. and 3.3. 
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Table 3.2 Varied Ranges of Liquid Superficial Velocity. 

Vsl, m/s Water Valve Opened, % Vsg, m/s Gas Valve Opened, % 

0.0010 16 14 15 

0.0025 17 14 15 

0.0045 18 14 15 

0.0065 19 14 15 

0.0085 20 14 15 

0.0130 21 14 15 

0.0165 22 14 15 

 

Table 3.3 Varied Ranges of Gas Superficial Velocity. 

Vsl, m/s Water Valve Opened, % Vsg, m/s Gas Valve Opened, % 

0.010 16 14 15 

0.010 16 15 22 

0.010 16 16 34 

0.010 16 17 43 

 

3.2.2 Varying Frequency 

Four different frequency settings are used for each test set. The frequency settings used for 

this research are 61.5, 62, 62.5 and 63 kHz, respectively. The selected frequency range is based on 

the resonant frequency needed for each atomizer under the manufacturer’s guidance. To obtain 

these frequency values, the nob in the function generator was fixed at a desired number with a 

maximum of amplitude of 256.0 mVrms. The optimum frequency suggested by its manufacturer is 

62.5 kHz. These frequencies and the diameter size of the sprayer nozzle determine the droplet size 

of water injected from the atomizer sprayer. Changing the frequency can ultimately create different 

flow behavior inside the tubing since the droplet size distribution is varying.  
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3.2.3 Inclination Angle 

The tests are conducted at two different flow pipe inclination angles 0o (being the horizontal 

configuration), and 1o. These small inclination angles represent slightly inclined wells. The pipe is 

inclined through a hoist that is connected to a truss which the tubing is fixed to (see Figure 3.1). 

The angle is measured using a 10-inch multi-function standard digital level illustrated in Figure 

3.13. The testing done previously by Chevron was in a vertical flow loop system with 2-inch ID.  

 

Figure 3.13 10-inch multi-function standard digital level beeps at 0, 45, 90 degrees to signal 

rotation. 

3.2.4 Atomizer Orientation 

The atomizing device is fixed at two different orientations, facing the sides of the pipe as 

can be seen in Figure 3.2 and facing up (0o). Other orientations such as facing bottom (180o) is not 

considered in this research due to the geometric shape of each sprayer stage that can accumulate 

water and plug the atomizer. Thus, the orientation of this atomizer is critical because of its 

geometry and design.  

3.3 Droplet Size and Velocity Measurement 
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In this section, a description of the experimental procedure completed by Spray Analysis 

and Research Services, Chicago, Illinois, to measure the water droplet size and velocity of the 

injected mist at four different frequencies is explained.  

3.3.1 Experimental Setup 

The acoustic atomizer consisting of four stages or ‘horns’ to spray water was mounted to a 

‘header’ at a 45- degree angle, as shown in Figure 3.14.  

 

Figure 3.14 The supplied nozzle was mounted vertically with the horns spraying water at 45° 
angle. The horn pictured above the clamp was the selected jet for the experiment (2nd from top). 

Phase Doppler Interferometry: A two-dimensional Atrium Technologies Phase Doppler 

Interferometry (PDI)-200MD instrument was used to acquire drop size and velocity measurement 

characteristics across the spray plume, from one edge of the spray to the other edge of the spray. 

The PDI system provides a single point-measurement, therefore, data was collected at multiple 

points across the spray plume. The solid-state laser system for this instrument produced Class 3B 
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lasers green (λ=532 nm) and red (λ=660 nm) laser beam pairs of approximately 300 mW of power 

per beam. The laser power is intense enough to offset spray density effects. It should be noted that 

the PDI system was operated in a 2-D arrangement for these measurements, allowing it to measure 

axial and radial velocity components.  

The transmitter and receiver were mounted on a rail assembly, with rotary plates at a 35° 

forward scatter collection angle, as shown in Figure 3.15. Thereby, the external lens setup was 500 

mm for the transmitter and 1,000 mm for the receiver unit to accommodate a droplet size range of 

2.2 µm – 327.5 µm. The optical arrangement helped capturing the full range of droplet sizes while 

retaining decent measurement resolution. The given range used for this test was determined by a 

preliminary run in which the DV0.5 and the overall droplet distribution were examined. DV0.5 is 

the volume median diameter where 50% of the total volume of liquid sprayed is made up of drops 

with diameter larger than the median value and 50% smaller than the median value. This was 

suitable to collect the full droplet size range produced by the nozzle assemblies. For each test point, 

at least 2,500 validated droplets were measured.  

 

Figure 3.15 Physical setup of the acoustic atomizer (middle-left, secured with spring clamps) with 
respect to the PDI transmitter (top left) and the PDI receiver (bottom right). 
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The PDI system has two stations for measurement which measure droplet statistics. Station 

1 provides Phase Doppler Interferometer measurements and gives drop size and velocity 

characteristics for vertical flows. Station 2 uses Laser Doppler Velocimetry to measure horizontal 

velocity values. 

The atomizer was mounted onto a 3-axis traverse stand. The nozzle was fed water via a 

submersible pump. For all test conditions, standard city water was sprayed into an ambient 

laboratory environment. Similar to the lab configuration at Colorado School of Mines, the 

frequency was controlled by via a wave function generator. In addition to the pump and the 

frequency controller, a switchable impedance transformer, a power supply, and a power amplifier 

were used as shown below in Figure 3.16.  

 

Figure 3.16 The electronic equipment used to drive the atomizer at Spray Analysis and Research 
Services similar to the lab setup at Colorado School of Mines. 

Data was recorded using only one of the four horns producing a spray. The third horn was 

chosen, as it was the most stable jet at the time of collection. The data was documented from edge 

to edge across the individual spray plume such that the first point tested was at the ‘top’ edge of 
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the spray and the last point was at the ‘bottom’ edge of the spray. Since the horns were located in 

the header at 45-degree angles, diametric steps were done by moving the traverse both 1 mm 

horizontally and 1 mm vertically per point tested so that the 5 mm spray distance (measured from 

tip of the horn to the probe volume of the PDI lasers) stayed constant. As a result, the linear spacing 

between each discrete point tested was √2 mm (roughly 1.4 mm). A measurement distance of 5 

mm was selected for this specific spray and orientation to isolate the jet from others; below 5 mm 

there appears to be chaotic particle movement (see below the red line in Figure 3.17), and at a 

distance greater than 5 mm, the flow was considerably affected by ambient airflow. After finishing 

the test matrix, test sequences for 61.5 kHz was repeated to check for consistency and 62 Hz was 

repeated due having low data counts for Station 2. A visual of the probe volume (the measurement 

zone) and sampling points are shown below in Figure 3.17. 

 

Figure 3.17 Extreme close-up of the sampled horn from the acoustic atomizer. a) (Left) The probe 
volume, the intersection of laser beams, is observed showing at a sample location during testing. 
b) (Right) The image shows the method of collecting data at points across the spray plume. Also 
shown are the velocity measurement axes in white; the orientation of the velocity for channels 1 
and 2 was verified during testing. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND ANALYSIS 
 

This chapter delivers the results obtained using the acoustic device as a possible artificial 

lift technique in a 6-inch production pipe based on changing parameters such as liquid velocity, 

gas velocity, spray rotational angle, frequency of the acoustic device and production pipe 

inclination angle. An analysis of conductivity probe results is established to represent the 

dimensionless liquid level changes with each parameter used in this research. This data can help 

in understanding the effect of the device on the liquid loading problem in more detail. Another 

section of this chapter discusses the droplet size effect. Droplet size is found to be uniform for each 

frequency setting that is used. 

4.1 Calibration Results 

To quantify the liquid height, a water level sensor probe is used at different locations in the 

pipe and along the test section. To record accurate values, these capacitance probes have to be 

calibrated. There are total of eight probes, five of them are in a vertical position as shown in Figure 

3.5.  These probes are connected to a high-speed data acquisition system and DeltaV. These 

readings are within the range of 0-0.3 V. The voltage readings are converted to dimensionless 

voltage using the Equation 4.1 (Shoham 2005). 

𝑉I = 𝑉%)&"JK) − 𝑉%+L+%J%𝑉%&'+%J% − 𝑉%+L+%J% 

Then the dimensionless voltage is converted to liquid film height using the linear relationship from 

the calibration curve created for each probe. The calibration curve of probe 3 is shown in Figure 

4.1. This liquid height level is converted to a dimensionless liquid height called “h/d” by dividing 

it with the diameter of the pipe which is 6 inches. To stabilize the flow, each experiment is run for 
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40 minutes before starting to record the data. The time for each testing point is 10 minutes. The 

relative time for 10 minutes is found via multiplying 10 minutes by 60 seconds. Thus, the total 

period of time of is set at 600 relative time representing 10 minutes. The data for each test are 

recorded every 0.02 seconds.   

 

Figure 4.1 Calibration curve for probe 3. This curve is generated by plotting the dimensionless 
liquid height “h/d” versus the dimensionless voltage “v’”. The linear equation is used later to 
convert the voltage readings in the test to liquid film heights.  

4.2 Testing Parameters 

Five different parameters are checked to evaluate the performance of the ultrasonic 

atomization device while the pipe is under combined water and air production (Table 4.1). The 

experiments are conducted at atmospheric pressure. Six cases are developed and summarized as 

follow: 

• Case 1: Variable Vsl, horizontal, position 1 (sprayer facing up), original case. 

• Case 2: Variable Vsl, horizontal, position 2 (sprayer facing side). 

• Case 3: Variable Vsl, inclined, position 1 (sprayer facing up). 
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• Case 4: Variable Vsl, inclined, position 2 (sprayer facing side). 

• Case 5: Variable Vsg, horizontal, position 1 (sprayer facing up). 

• Case 6: Variable Vsg, inclined, position 1 (sprayer facing up). 

The results and discussion for each case are presented in Sections 4.2.1 – 4.2.6. 

Table 4.1 Testing Parameters. 

Vsg, m/s Dd, μm Spray Rotational Angle F, kHz Pipe Inclination Angle 

14 – 22 30 – 100 0o, 90o 61.5, 62, 62.5, 63 0o, 1o 
 

4.2.1 Case 1 (Original): Varying Liquid Velocity, Horizontal, Position 1 

Water and air are pumped into the production pipe and the velocity of the liquid is 

designated by a water control valve. The valve is opened at a certain percentage to permit the flow 

of water. The initial liquid injection rate starts at 0.0007 m/s and goes up to 0.0168 m/s. To adjust 

the velocity of the gas, a gas control valve is used and operated by opening the valve to inject gas 

at the desired rate. The velocity of the liquid and gas that are used are hard to fix to exact numbers 

for every single test due to the simplicity of the testing units and low preciseness of the control 

valves. 

The conditions for the original case are summarized as follow: 0o inclination angle of the 

production pipe, 14 m/s superficial gas velocity and 0o orientation of the acoustic device (sprayers 

are facing upward), atmospheric pressure and room temperature of 20 oC. The liquid velocity is 

varied between 0.0007 and 0.0168 m/s as shown in Table 4.2. Figure 4.2 represents the 

dimensionless liquid film level for a period of time taken at probe 3 in the test section. When 

multiplying h/d by 6, the resulted height is in inches. As the superficial velocity of the liquid 

increases, the liquid accumulation in the pipe increases respectively.  The dark shade colors are 
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without the device. They represent the liquid film height before adding the artificial technique. 

The light shade colors are with the device and represent the height after adding the tool. From 

Figure 4.2, there is a slight change in the liquid film level after using the acoustic technique. 

However, as the velocity of the liquid increases, the slight effect starts to diminish. When the liquid 

velocity is 0.001 m/s (orange color), the average liquid level height (h/d) is about 0.05 which 

indicates 0.3 inches of liquid film accumulation. As the velocity of liquid increases, the technique 

becomes less effective in lifting (i.e., green colored line). The more liquid accumulation, the harder 

it is for the acoustic tool to lift the liquid to the surface. 

Table 4.2 Velocity Matrix for Original Case 1. 

Vsl, m/s Water Valve Opened, % Vsg, m/s Gas Valve Opened, % 

0.0010 16 14 15 

0.0037 17 14 15 

0.0051 18 14 15 

0.0081 19 14 15 

0.0130 21 14 15 
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Figure 4.2 Case 1 liquid film height before and after adding the lifting technique at a frequency of 
62 kHz and at different liquid superficial velocities, Vsl, for horizontal pipe and sprayers facing up 
(1st position). The Vsl values in the legend are in m/s. 

In Figure 4.3, a comparison is made to find the difference in performance after applying 

four frequencies, 61.5, 62, 62.5 and 63 kHz to the acoustic device at a low liquid velocity of 0.001 

m/s and a gas velocity of 14 m/s. There is a challenge in noticing the difference in the performance 

due to the varied production data and liquid accumulation (starting point before adding the lifting 

technique). These tests were performed on different days and the difference is possibly due to the 

low efficiency of the control valves used to control the velocities of injected liquid and gas.  
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Figure 4.3 Case 1 liquid film height before adding the lifting device and after including the 
technique for four different frequencies at Vsl = 0.001 m/s for horizontal pipe and sprayers facing 
up (1st position). The dark shade color of blue, orange, grey and yellow represent the values before 
(b) using the lifting device with frequencies of 61.5, 62, 62.5, and 63 kHz respectively. The light 
shade color represents the values after including the technique with frequencies of 61.5, 62, 62.5, 
and 63 kHz, respectively. 

To see the difference in the performance, a new term is introduced called “h/d difference” 

in percentage as can be seen in Figure 4.4. This term represents the difference between before and 

after adding the lifting technique for each frequency testing.  A positive difference indicates an 

improvement in the lifting whereas a negative indicates the opposite. At a low superficial liquid 

velocity of 0.001 m/s and a gas superficial velocity of 14 m/s, the performance of the acoustic 

lifting at frequencies of 62 and 62.5 kHz are giving a positive trend suggesting a slight 

improvement in lifting the liquid accumulation. On the other hand, the performance of the device 

at 61.5 and 63 kHz is less efficient since it results in a zero or negative difference. 
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Figure 4.4 Case 1 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.001 m/s for horizontal pipe and sprayers facing up (1st 
position). 

 A comparison is made between the four different frequencies at a high liquid superficial 

velocity of 0.013 m/s and gas superficial velocity of 14 m/s, see Figure 4.5 and Figure 4.6. The 

result of applying a frequency of 62 kHz (dotted in red in Figure 4.6) is showing a positive 

difference on the graph indicating that it is reducing the liquid film height or liquid accumulation. 

Similarly, after applying a frequency of 62.5 kHz, the liquid film height has reduced as well 

showing the capability of the technique in lifting the liquid slightly. However, using a frequency 

of 61.5 and 63 kHz gives a negative difference, implying the sensitivity of the technique towards 

the frequency used. These two frequencies do not help the acoustic atomization technique in lifting 

the liquid and more liquid accumulation is noticed.  
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Figure 4.5 Case 1 liquid film height before and after adding the technique for four different 
frequencies at Vsl = 0.013 m/s for horizontal pipe and sprayers facing up (1st position). 

 

Figure 4.6 Case 1 liquid film height difference in percentage before adding the lifting and after 
adding the technique for four different frequencies at Vsl = 0.013 m/s. 
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4.2.2 Case 2: Varying Liquid Velocity, Horizontal, Position 2 

The conditions for the second case are described as follow: 0o inclination angle of the 

production pipe (horizontal), 14 m/s superficial gas velocity and 90o orientation of the acoustic 

device (sprayers are facing side), atmospheric pressure and room temperature of 20 oC. The liquid 

velocity is varied between 0.0012 and 0.0145 m/s and is summarized in Table 4.3. 

Table 4.3 Velocity Matrix for Case 2. 

Vsl, m/s Water Valve Opened, % Vsg, m/s Gas Valve Opened, % 

0.0015 16 14 15 

0.0030 17 14 15 

0.0068 18 14 15 

0.0083 19 14 15 

0.0108 20 14 15 
 

Figure 4.7 shows the dimensionless liquid film level in horizontal pipe for a relative time 

of 600 seconds taken at probe 3 in the test section at different liquid superficial velocities with the 

sprayers facing sideways. From Figure 4.7, at lower superficial velocities of the liquid, the 

reduction in the liquid level is noticeable after implementing the lifting method with a driving 

frequency of 62 kHz during the early duration of the test. Alternatively, the reduction seems to 

disappear towards the end of the test period. As the velocity of the liquid increases, the influence 

of the acoustic device decreases. At high liquid superficial velocity, i.e., Vsl = 0.0108 m/s, the 

behavior is the same. There is no difference in the liquid accumulation after applying the lifting 

technique. 
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Figure 4.7 Case 2 liquid film height before and after adding the lifting technique at a frequency of 
62 kHz and at different liquid superficial velocities, Vsl, for horizontal pipe and sprayers facing 
side (2nd position). 

Figure 4.8 represents the results of Case 2 for four different frequencies on the liquid film 

level at Vsl = 0.0015 m/s. In order to differentiate better between the performance of each frequency 

and compare them accordingly, Figure 4.9 is provided. This figure summarizes the difference 

between the data before applying the tool and after applying it as a percentage. From Figure 4.9, 

the curves of 62 kHz, 62.5 kHz and 63 kHz are showing an improvement in reducing the liquid 

accumulation. This observation is also seen in Case 1, which confirms the optimum range of 62 to 

62.5 kHz to be used for this acoustic device design at lower liquid superficial velocities. The 

vibrating plates in the sprayers are very sensitive toward the applied frequency. In case 61.5 kHz 

is used, the performance declines substantially. 
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Figure 4.8 Case 2 liquid film height before and after adding the technique for four different 
frequencies at Vsl = 0.0015 m/s for horizontal pipe and sprayers facing sideways (2nd position). 

 

Figure 4.9 Case 2 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.0015 m/s for horizontal pipe and sprayers facing sideways 
(2nd position). 



 

54 

In Figures 4.10 and 4.11, a comparison is implemented between the performance of 

frequencies at a liquid velocity of 0.0108 m/s and gas velocity of 14 m/s. All the frequencies appear 

to not work during the initial portion of the test (negative and zero h/d difference). In contrary, the 

device starts to have a positive effect on reducing the liquid accumulation at later times (positive 

h/d difference), see Figure 4.11 for reference. When applying 63 kHz, the acoustic lifting performs 

the worst. It generates a negative trend indicating the failure of the technique during most of the 

duration. This decline corresponds to the accumulation of liquid even after applying the acoustic 

atomization to the liquid. 

 

Figure 4.10 Case 2 liquid film height before and after adding the technique for four different 
frequencies at Vsl = 0.0108 m/s for horizontal pipe and sprayers facing sideways (2nd position). 
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Figure 4.11 Case 2 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.0108 m/s. 

A closer look is taken at the performance of the device at frequencies of 62 kHz and 62.5 

kHz at a high liquid velocity of 0.0108 m/s in Figure 4.12 and 4.13, respectively. When a frequency 

of 62 kHz is used, there is not a noticeable change in the h/d except at a later time between 500 

and 600 seconds relative time (see Figure 4.12).  Another example of the acoustic lifting 

performance is presented in Figure 4.13 where a frequency of 62.5 kHz is applied. Similar to the 

previous example, there is not much difference except that in the beginning of the application the 

liquid accumulation was slightly higher than the startup. However, towards the end of the test, 

there was a slight improvement in the performance where the liquid accumulation was less than 

the original recorder data.  

The results for Case 2 almost match results for Case 1 which implies that there is no effect 

of changing the position of sprayers to face the side. However, the device was also tested while 

the sprayers were facing down (180o from Case 1), and the sprayers stopped working. As a result, 
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the position or orientation of the sprayers does affect the performance of the sprayers in horizontal 

pipe production. 

 

Figure 4.12 Case 2 liquid film height before and after adding the technique for a frequency of 62 
kHz and at Vsl = 0.0108 m/s for horizontal pipe and sprayers facing sideways (2nd position). 

 

Figure 4.13 Case 2 liquid film height before and after adding the technique for a frequency of 62.5 
kHz and at Vsl = 0.0108 m/s for horizontal pipe and sprayers facing sideways (2nd position). 
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4.2.3 Case 3: Varying Liquid Velocity, Inclined, Position 1 

The conditions for the third case are described as follow: 1o inclination angle of the 

production pipe, 14 m/s superficial gas velocity and 0o orientation of the acoustic device (sprayers 

are facing up), atmospheric pressure and room temperature of 20 oC. The liquid velocity is varied 

between 0.0016 and 0.0168 m/s as summarized in Table 4.4.  

Table 4.4 Velocity Matrix for Case 3. 

Vsl, m/s Water Valve Opened, % Vsg, m/s Gas Valve Opened, % 

0.0016 16 14 15 

0.0029 17 14 15 

0.0045 18 14 15 

0.0085 19 14 15 

0.0168 22 14 15 
 

Figure 4.14 shows the dimensionless liquid film level for a period of time taken at probe 3 

in the test section at different liquid superficial velocities and a pipe inclination angle of 1o. From 

Figure 4.14, at low superficial velocities of the liquid, the reduction in the liquid level after 

implementing the lifting method with a driving frequency of 62 kHz is distinct during the early 

duration of the test. Conversely, near the end of the test, the separation seems to disappear. This 

observation has happened in previous cases especially at low superficial velocity of the liquid. As 

the velocity of the liquid increases, the influence of the acoustic device decreases. At high liquid 

superficial velocity, i.e., Vsl = 0.0167 m/s, the behavior is different. The liquid accumulation is 

slightly higher than before applying the technique. This behavior could be explained as the 

incapability of the lifting technique as more liquid enters into the production pipe. 
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Figure 4.14 Case 3 liquid film height before and after adding the lifting technique at a frequency 
of 62 kHz and at different liquid superficial velocities, Vsl, for slightly inclined pipe (1o) and 
sprayers facing up (1st position). 

Figure 4.15 represents the results of Case 3 for four different frequencies impacts on the 

liquid film level at a pipe inclination angle of 1o and Vsl = 0.001 m/s. From Figure 4.15, the results 

for 62 kHz and 62.5 kHz show a better performance in reducing the liquid accumulation by an h/d 

of 0.025 which is equivalent to 0.15 inches. To better comprehend the other frequencies’ effect, 

Figure 4.16 is used. Using a frequency of 61.5 kHz exhibits a negative outcome. It reaches zero 

difference percentage denoting that the technique is functioning poorly and is not able to catch up 

with the increased liquid accumulation. At the end of the test period, the liquid accumulation level 

is the same as the starting liquid film level. This observation is also seen in Case 1 and 2, but it is 

more magnified in slightly inclined pipes as can be seen from the results in Case 3. The red curve 

representing the 62 kHz results is displaying a positive trend then a negative trend. When a 

frequency of 62.5 kHz is used, the performance is much better and maintained throughout the test. 
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Figure 4.15 Case 3 liquid film height before and after adding the technique for four different 
frequencies at Vsl = 0.0016 m/s for slightly inclined pipe and sprayers facing up (1st position). 

 

Figure 4.16 Case 3 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.0016 m/s for inclined pipe and sprayers facing up (1st 
position). 

The last applied frequency of 63 kHz is results in a negative trend which indicate a declining 

performance. 
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Figure 4.17 to Figure 4.20 discuss, respectively, the effect of the four frequencies of 61.5, 

62, 62.5 and 63 kHz on the liquid film level at a high liquid superficial velocity of 0.0167 m/s for 

Case 3 (slightly inclined pipe). The results are extremely close to each other; therefore, an 

individual discussion provides a better interpretation for each test. In Figure 4.17, after applying a 

frequency of 61.5 kHz, the initial influence reverses to the desired outcome. Later, the liquid film 

level readings are almost matching the prior usage of the atomization technique but exhibiting a 

slightly higher height. The 62 kHz effect in Figure 4.18 is quite the opposite to the 61.5 kHz results 

where it shows an early positive reduction (Δ h/d=0.05 equivalent to 0.3 inches) in the liquid height 

but this reduction decreases with the test’s relative time. The performance of the 62.5 kHz 

application seen in Figure 4.19 is similar to the 62 kHz with respect to reducing the liquid 

accumulation and is a constant reduction throughout the test. As expected, the results of applying 

a frequency of 63 kHz shown in Figure 4.20 is not favorable since it is not decreasing the liquid 

accumulation in the test section.  

 

Figure 4.17 Case 3 liquid film height before and after adding the technique for four different 
frequencies at Vsl = 0.0168 m/s for inclined pipe and sprayers facing up (1st position). 
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Figure 4.18 Case 3 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.0168 m/s. 

 

Figure 4.19 Case 3 liquid film height before and after adding the technique for a frequency of 61.5 
kHz and at Vsl = 0.0168 m/s for inclined pipe and sprayers facing up (1st position). 
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Figure 4.20 Case 3 liquid film height before and after adding the technique for a frequency of 62 
kHz and at Vsl = 0.0168 m/s for inclined pipe and sprayers facing up (1st position). 

The results of applying all frequencies ranges are shown in Figure 4.21. Since the results 

are very close to each other, the comparison is challenging. Figure 4.22 summarizes the difference 

in changes of the dimensionless liquid film level for each frequency. This comparison is also quite 

difficult to make since the differences are almost alike. However, it is noticeable that the effect of 

using frequencies of 62 and 62.5 kHz are better than using 61.5 and 63 kHz. The comparison done 

in the previous paragraph confirms this statement and shows a more accurate evaluation since each 

frequency is represented separately. 
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Figure 4.21 Case 3 liquid film height before adding and after adding the technique for frequency 
of 62.5 kHz and at Vsl = 0.0168 m/s for inclined pipe and sprayers facing up (1st position). 

 

Figure 4.22 Case 3 liquid film height before and after adding the technique for a frequency of 63 
kHz and at Vsl = 0.0168 m/s for inclined pipe and sprayers facing up (1st position). 
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4.2.4 Case 4: Varying Liquid Velocity, Inclined, Position 2 

The conditions for the third case are described as follow: 1o inclination angle of the 

production pipe, 14 m/s superficial gas velocity and 90o orientation of the acoustic device (sprayers 

are facing sideways), atmospheric pressure and room temperature of 20 oC. The liquid velocity is 

varied between 0.0012 and 0.0132 m/s as summarized in Table 4.5. 

Table 4.5 Velocity Matrix for Case 4. 

Vsl, m/s Water Valve Opened, % Vsg, m/s Gas Valve Opened, % 

0.0012 16 14 15 

0.0023 17 14 15 

0.0069 18 14 15 

0.0100 20 14 15 

0.0132 21 14 15 
 

Figure 4.23 illustrates the dimensionless liquid film level for a period of time taken at probe 

3 in the test section at different liquid superficial velocities and after applying a frequency of 62 

kHz while the pipe has an inclination angle of 1o, and the acoustic sprayers are facing sideways. 

Looking at Figure 4.23, at a low superficial velocity of the liquid (Vsl = 0.0012 m/s), there is no 

improvement in reducing the liquid level during the early time period of the test. The liquid is 

accumulating even after applying the technique. However, as time passes, there is a reduction in 

the liquid accumulation. When the Vsl = 0.0023 m/s, there is a slight improvement at the end of 

the test. At Vsl = 0.0069, there is not any difference seen. However, when the liquid velocity is 

higher (Vsl = 0.01, and 0.0132), the atomization technique is slightly improving the production and 

more liquid accumulation is reduced towards the middle of the test, but this improvement is very 

minor. 
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Figure 4.23 Case 4 liquid film height before and after adding the lifting technique at a frequency 
of 62 kHz and at different liquid superficial velocities, Vsl, for slightly inclined pipe (1o) and 
sprayers facing sideways (2nd position). 

Another graph is created for Case 4 to compare all the other frequencies effect when the 

liquid velocity is low (Vsl = 0.0012 m/s) as shown in Figure 4.24. All the frequency lines are 

overlapping each other (61.5, 62, 62.5 and 63 kHz). This trend is giving a signal that the production 

is not improved during the beginning of the test since the liquid accumulation is not helping in 

decreasing the liquid accumulation. This observation is confirmed as well in Figure 4.25. All of 

the frequencies are showing a negative trend especially at the start and towards the end, the 

difference is zero, meaning that there is not a change in the accumulation. The results for both 

graphs match the conclusions made for Case 3. 
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Figure 4.24 Case 4 liquid film height before and after adding the technique for four different 
frequencies at Vsl = 0.0012 m/s for slightly inclined pipe and sprayers facing sideways (2nd 
position). 

 

Figure 4.25 Case 4 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.0012 m/s for inclined pipe and sprayers facing sideways 
(2nd position). 
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Figure 4.26 to Figure 4.29 display the results of Case 4 using four different frequencies on 

the liquid film level at a high liquid superficial velocity of 0.0132 m/s. Figure 4.26 represents the 

results using a frequency of 61.5 kHz. The results in all graphs are almost identical when using 

frequencies of 61.5, 62, 62.5 or 63 kHz. The atomization lifting technique is slightly reducing the 

liquid film height whether using a poor quality atomization (frequency of 61.5 and 63 kHz) or 

good (62 and 62.5 kHz). Using a frequency of even 63 kHz (Figure 4.29) improves the reduction 

of liquid film especially towards the end of the test. Placing the sprayers sideways while the pipe 

has a slight inclination angle seems to be more effective than placing it in an upward position since 

it reduces the liquid accumulation. 

 

Figure 4.26 Case 4 liquid film height before and after adding the technique for frequency of 61.5 
kHz and at Vsl = 0.0132 m/s for horizontal pipe and sprayers facing sideways (2nd position). 
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Figure 4.27 Case 4 liquid film height before and after adding the technique for frequency of 62 
kHz and at Vsl = 0.0132 m/s for horizontal pipe and sprayers facing sideways (2nd position). 

 

Figure 4.28 Case 4 liquid film height before and after adding the technique for frequency of 62.5 
kHz and at Vsl = 0.0132 m/s for horizontal pipe and sprayers facing sideways (2nd position). 
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Figure 4.29 Case 4 liquid film height before and after adding the technique for frequency of 63 
kHz and at Vsl = 0.0132 m/s for horizontal pipe and sprayers facing sideways (2nd position). 

A comparison between the results of all four frequencies in Case 4 are summarized in 

Figure 4.30. As explained in the previous figures, the results overlap each other indicating almost 

similar outcomes. Since there is difficulty in distinguishing between the results, another curve was 

created to show the absolute difference between before and after applying the atomization method 

(see Figure 4.31). From Figure 4.31, it can be seen that all the frequencies are yielding a positive 

trend of approximately 5% difference, particularly the 62 kHz. This observation suggests that the 

position of sprayers inside an inclined pipe is very crucial and affects the performance of the 

device. 
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Figure 4.30 Case 4 liquid film height before adding the lifting and after adding the technique for 
four different frequencies at Vsl = 0.0132 m/s for slightly inclined pipe and sprayers facing side 
(2nd position). 

 

Figure 4.31 Case 4 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsl = 0.0132 m/s. 
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Comparing the results of Case 4 with Case 3, it is noticeable that changing the alignment 

of the sprayers helps lift liquid whether using the recommended frequency (good quality droplet 

size distribution) or unrecommended frequency (poor quality droplet size distribution). However, 

the upward alignment of the sprayers in Case 3 gave more favorable results in lifting more liquid 

when a frequency of 62 kHz or 62.5 kHz is used. 

4.2.5 Case 5: Varying Gas Velocity, Horizontal, Position 1 

The conditions for the fifth case are described as follow: 0o inclination angle of the 

production pipe (horizontal), 0.01 m/s superficial liquid velocity, 0o orientation of the acoustic 

device (sprayers are facing up), atmospheric pressure and room temperature of 20 oC. The gas 

velocity is varied between 14 and 17 m/s and is summarized in Table 4.6. 

Table 4.6 Velocity Matrix for Case 5. 

Vsg, m/s Gas Valve Opened, % Vsl, m/s Water Valve Opened, % 

14 15 0.01 20 
15 22 0.01 20 
16 34 0.01 20 
17 43 0.01 20 

 

Figure 4.32 displays the dimensionless liquid film level for a period of time taken at probe 

3 in the test section at different gas superficial velocities and applying a frequency of 62 kHz while 

the pipe is horizontal, and the acoustic sprayers are facing up. 



 

72 

 

Figure 4.32 Case 5 liquid film height before and after adding the lifting technique at a frequency 
of 62 kHz and at different gas superficial velocities, Vsg, for horizontal pipe and sprayers facing 
up (1st position). 

Looking at Figure 4.32, at low gas superficial velocity (Vsl = 14 m/s), the liquid level film 

is at an average of h/d = 0.18 which corresponds to a height of 1 inch. As the velocity of the gas 

increases, the liquid accumulation decreases due to the capability of the gas to lift the liquid. The 

liquid loading problem reduces when the velocity of the gas is enough to carry the liquid to the 

surface. This is very visible in the graph. Using the acoustic lifting in this case did not decrease 

the liquid accumulation. It is maintained at the same liquid film height during the entire test period. 

This is seen for the tested superficial gas velocities of 14, 15, 16, and 17 m/s.  

An alternative graph, Figure 4.33, is created for Case 5 to view all the other frequencies 

effect when the gas superficial velocity is 14 m/s, and the liquid superficial velocity is 0.01 m/s. 

The difference in the performance of using the four frequencies (61.5, 62, 62.5 and 63 kHz) is not 

apparent. Therefore, Figure 4.34 is created to find the optimum frequency number for liquid film 

height reduction. From Figure 4.34, all the frequencies are generating almost a 0% h/d difference 
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line indicating a no change in the values of liquid film height before applying and after the 

technique. 

 

Figure 4.33 Case 5 liquid film height before adding the lifting and after adding the technique for 
four different frequencies at Vsg = 14 m/s for horizontal pipe and sprayers facing up (1st position). 

 

Figure 4.34 Case 5 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsg = 14  m/s for horizontal pipe and sprayers facing up (1st 
position). 
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These figures are repeated for a gas superficial velocity of 16 m/s to check the influence of 

using different four frequencies on the liquid film height at a higher gas superficial velocity, see 

Figure 4.35 and 4.36. All of the frequencies are showing a positive change in the beginning of the 

test, but during the rest of the test, they show a zero-difference trend. The difference is zero 

meaning that there is not a change in the accumulation. Figures 4.37 to 4.40 show individually the 

performance of each frequency, and all display zero-difference as explained above. 

 

Figure 4.35 Case 5 liquid film height before adding and after adding the technique for four different 
frequencies at Vsg = 17 m/s for horizontal pipe and sprayers facing up (1st position). 



 

75 

 

Figure 4.36 Case 5 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsg = 17 m/s. 

 

Figure 4.37 Case 5 liquid film height before and after adding the technique for frequency of 61.5 
kHz and at Vsg = 17 m/s for horizontal pipe and sprayers facing up (1st position). 
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Figure 4.38 Case 5 liquid film height before adding and after adding the technique for frequency 
of 62 kHz and at Vsg = 17 m/s for horizontal pipe and sprayers facing up (1st position). 

 

Figure 4.39 Case 5 liquid film height before and after adding the technique for frequency of 62.5 
kHz and at Vsg = 17 m/s for horizontal pipe and sprayers facing up (1st position). 
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Figure 4.40 Case 5 liquid film height before and after adding the technique for frequency of 63 
kHz and at Vsg = 17 m/s for horizontal pipe and sprayers facing up (1st position). 

4.2.6 Case 6: Varying Gas Velocity, Inclined, Position 1 

The conditions for the sixth case are described as follow: 1o inclination angle of the 

production pipe (horizontal), 0.01 m/s superficial liquid velocity, 0o orientation of the acoustic 

device (sprayers are facing up), atmospheric pressure and room temperature of 20 oC. The gas 

velocity varies between 13 and 17 m/s and is summarized in Table 4.7. 

Table 4.7 Velocity Matrix for Case 6. 

Vsg, m/s Gas Valve Opened, % Vsl, m/s Water Valve Opened, % 

13 15 0.01 20 
14 22 0.01 20 
15 34 0.01 20 
17 43 0.01 20 

 

Figure 4.41 exhibits the dimensionless liquid film level for a period of time taken at probe 

3 in the test section at different gas superficial velocity and after applying a frequency of 62 kHz 



 

78 

while the pipe is slightly inclined (1o from horizontal), and the acoustic sprayers are facing up. 

Looking at the graph, at low gas superficial velocity (Vsl = 14 m/s) the liquid level film is at an 

average of h/d = 0.4, which corresponds to a height of 2.4 inches. As the velocity of the gas 

increases, the liquid accumulation decreases due to the capability of the gas of lifting the liquid, 

similar to Case 5. The liquid film’s length decreases when the velocity of the gas is above the 

critical point and is sufficient to carry the liquid to the surface. Using the acoustic lifting in this 

case is not very useful compare to the other cases. The liquid film height is maintained during the 

entire test period. This is seen for the tested superficial gas velocities of 14 and 17 m/s. 

 

Figure 4.41 Case 6 liquid film height before and after adding the lifting technique at a frequency 
of 62 kHz and at different gas superficial velocity Vsg for slightly inclined pipe and sprayers facing 
up (1st position). 

A comparison is made for all frequencies at a low gas superficial velocity of 14 m/s and a 

liquid superficial velocity of 0.01 m/s, see Figure 4.42. The data recorded for all four of the 

frequencies (61.5, 62, 62.5 and 63 kHz) are overlapping and exhibit very close results. In Figure 

4.43, the h/d difference % for all frequencies is behaving in a similar mode. From Figure 4.43, all 
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the frequencies are generating almost a 0% h/d difference curve during the initial period of the 

test, then the difference increases to 5% indicating a positive change. This positive difference is a 

sign of liquid film level reduction. This performance is not stable and declines midway through 

the test then it stabilizes toward the end of the test with a positive difference of 5%. All the 

frequencies seem to contribute equally when the gas velocity is low. 

 

Figure 4.42 Case 6 liquid film height before and after adding the technique for four different 
frequencies at Vsg = 14 m/s for slightly inclined pipe and sprayers facing up (1st position). 
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Figure 4.43 Case 6 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsg = 14 m/s for inclined pipe and sprayers facing up (1st position). 

Figures 4.44-4.45 are regenerated for a gas superficial velocity of 17 m/s. Since the difference is 

very minor, Figures 4.46 to 4.49 show individually the performance of each frequency. Figure 4.46 

where a frequency of 61.5 kHz applied, a slight effect is seen between 300 and 500 relative time 

where the atomizer is reducing slightly the liquid film. For 62 kHz, Figure 4.47, the difference is 

barely noticeable during the beginning of the test and shows almost zero difference for the 

remaining time. The result from applying 63 kHz frequency in Figure 4.48 produces a zero% 

change throughout the test. For 63 kHz, the atomizer is decreasing the liquid film level by 0.06 

inches midway between 300 and 400 relative time, see Figure 4.49. 
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Figure 4.44 Case 6 liquid film height before and after adding the technique for four different 
frequencies at Vsg = 17 m/s for horizontal pipe and sprayers facing up (1st position). 

 

Figure 4.45 Case 6 liquid film height difference in percentage before and after adding the technique 
for four different frequencies at Vsg = 17 m/s. 
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Figure 4.46 Case 6 liquid film height before and after adding the technique for frequency of 61.5 
kHz and at Vsg = 17 m/s for slightly inclined pipe and sprayers facing up (1st position). 

 

Figure 4.47 Case 6 liquid film height before and after adding the technique for frequency of 62 
kHz and at Vsg = 17 m/s for slightly inclined pipe and sprayers facing up (1st position). 
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Figure 4.48 Case 6 liquid film height before and after adding the technique for frequency of 62.5 
kHz and at Vsg = 17 m/s for slightly inclined pipe and sprayers facing up (1st position). 

 

Figure 4.49 Case 6 liquid film height before and after adding the technique for frequency of 63 
kHz and at Vsg = 17 m/s for slightly inclined pipe and sprayers facing up (1st position). 
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 4.3 Summary of the Results 

The results for Cases 1 to 6 are shown in Table 4.8 where “x” represents negative 

percentage of h/d difference, “ok” represents 0% h/d difference and “working” represents positive 

h/d difference. From Table 4.8, frequencies of 62 and 62.5 kHz are providing positive impact on 

the reduction of liquid film level. Using frequencies of 61.5 and 63 kHz have a limitation in some 

cases such as Case 1, Case 2 and Case 3 where both are not performing well.  

Table 4.8 Results for Cases 1 to 6 Using Frequencies of 61.5, 62, 62.5 and 63 kHz. 

Case 
61.5 62 62.5 63 

low high low high low high low high 

1 X X working working working working X X 

2 X X working working working working working X 

3 X X working working working working working X 

4 ok working ok working ok working ok working 

5 ok ok ok ok ok ok ok ok 

6 working ok working ok working ok working ok 
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CHAPTER 5 

SPRAY CHARACTERIZATION RESULTS AND DISCUSSION 
  

This chapter provides and discusses the overall results obtained from testing the drop size 

and velocity of the acoustic atomizer spray at four different frequencies. This data can help in 

understanding the effect of the spray’s characterization on its performance in reducing liquid 

loading problem on a microscopic scale. Each setting produces a fine spray with a uniform drop 

size across the entire measurement zone. Applying frequencies of 61.5, 62, and 62.5 kHz generate 

similar drop size distribution. Whereas using a frequency of 63 kHz generates non-uniform and 

significantly larger values. Velocity values were mostly between 0.04 and 0.25 m/s and some are 

in the negative direction. 

5.1 Results 

Four acoustic atomizer frequencies were tested: 61.5, 62, 62.5, and 63 kHz. Table 5.1 

shows the average drop size and velocity statistics for all four frequencies where:  

DV0.1: A value where 10% of the total volume (or mass) of liquid sprayed is made up of drops with 

diameters smaller or equal to this value. 

DV0.5: Volume Median Diameter (also known as VMD). A means of expressing drop size in terms 

of the volume of liquid sprayed is made up of drops with diameter larger than the median 

value and 50% smaller than the median value. This diameter is used to compare the change 

in drop size on average between test conditions. 

DV0.9: A value where 90% of the total volume (or mass) of liquid sprayed is made up of drops with 

diameters smaller or equal to this value. 
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D32: Sauter Mean Diameter (also known as SMD) is a means of expressing the fineness of a spray 

in terms of the surface area produced by the spray. The Sauter Mean Diameter is the diameter 

of a drop having the same volume to surface area ratio as the total volume of all the drops to 

the total surface area of all the drops.  

Table 5.1 Average Drop Size and Velocity Statistics for All Four Frequencies. 

Frequency,     

kHz 

Dv0.1, 

μm 

Dv0.5, 

μm 

Dv0.9, 

μm 

D32,   

μm 

Average 

Vaxial, m/s 

Average 

Vradial, m/s 

61.5 23 30 40 30 0.05 0.09 

61.5 – repeat 24 32 42 31 0.04 0.04 

62 18 25 33 24 N/A N/A 

62 – repeat  23 29 40 29 0.24 0.09 

62.5 24 29 39 30 -0.08 0.114 

63 34 50 77 48 0.21 -0.066 

 

There was no significant difference in drop size among the three lower frequencies, 61.5, 62, and 

62.5 kHz; the average drop size (using Dv0.5) for these three frequencies were all relatively 

consistent, hovering within 5 microns of each other. Additionally, acquired drop size results were 

uniform across space, independent of flow volume, as is shown in Figures 5.1 – 5.4, which present 

drop size statistics versus position in the spray. At the highest frequency, 63 kHz, there is a distinct 

increase in average drop size and the drop size showed greater variance across the measurement 

zone. The magnitudes of the average velocities for the highest frequency are also larger than the 

three lower frequencies. 
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Figure 5.1 Discrete Dv0.1 statistics for all frequencies tested, including repeated tests. The 
positioning of point measurements is noted in Figure 3.17 b. 

 

Figure 5.2 Discrete Dv0.5 statistics for all frequencies tested, including repeated tests. The 
positioning of point measurements is noted in Figure 3.17 b. 
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Figure 5.3 Discrete Dv0.9 statistics for all frequencies tested, including repeated tests. The 
positioning of point measurements is noted in Figure 3.17 b. 

 

Figure 5.4 Discrete D32 statistics for all frequencies tested, including repeated tests. The 
positioning of point measurements is noted in Figure 3.17 b. 

Throughout the test session, droplet velocity was inconsistent due to several variables. 

Intermittently during testing, the nozzle would require clearing as the horn would stop operating 

when a significant amount of moisture accumulated on the surface due to misting backflows. Once 

cleared of excess water, the jet origin on the horn surface may not be the same position. This 
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resulted in the inconsistent velocity versus position results shown in Figure 5.5 and 5.6. For 

example, the first 61.5 kHz trial (represented with dark blue diamonds in Figure 5.5) had a jet on 

the lower portion of the horn; this led to slightly negative vertical velocity near the top (backflow 

and gravitation drop) and a positive velocity (upward flow) as the measurements reach the bottom 

at points 5-9. The repeat trail of 61.5 kHz (represented with red squares in Figure 5.5) was 

performed after the full test sequence (61.5-63 kHz) had been completed, but at that time the jet 

was originating from the edges of the horn (prominently at the top). The remaining noise variable 

was environmental drafts. Due to the fine drop size, small movements of air would cause the jet to 

oscillate in and out of the test section causing inconsistent data rates and velocity values. 

 

Figure 5.5 Discrete average axial velocity for all frequencies tested, including repeated tests. The 
positioning of point measurements are noted in Figure 3.17 b. 
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Figure 5.6 Discrete average radial velocity for all frequencies tested, including repeated tests. The 
positioning of point measurements are noted in Figure 3.17 b. 

5.2 Discussion 

The average drop sizes, Dv0.1, Dv0.5, Dv0.9, and D32 in Figures 5.1- 5.4 for a frequency of 

61.5 are 23, 30, 40, and 30 μm, respectively. The uniformity in the drop size distribution can be 

seen throughout the testing points remarkably at the corners where points 1, 2, 8, 9, and 10 are. A 

frequency of 61.5 62, and 62.5 give a similar uniformity pattern. On the other hand, the axial 

velocity of the drops for 61.5 and 62 kHz across the test points are different. The axial velocity of 

61.5 kHz drops has an unusual trend where it is high in the upper corner of the spray (0.15 m/s) 

then it decreases until it reaches negative values in the middle of the spray indicating a flow back. 

The axial velocity of 62 kHz on the corners of spray is low, but slightly higher (0.2 m/s) near the 

center of the spray. Additionally, the axial velocity for drops at frequency of 62.5 kHz seen in 

Figure 5.5 is exhibiting a similar trend to 61.5 kHz where the axial velocity is negative (flow back 

of drops) after the midway of the spray (point 5 to 10). For a frequency of 63 kHz, the velocity of 

the drop changed whereas it is higher than the previous frequencies especially from point 2 to 5. 

It reached 0.4 m/s then it dropped at the corner till it reached negative values (-0.018 m/s). Those 
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measurements and observations have significant effect on the performance of drops at each 

frequency inside the flow loop system. The optimum results for atomizing the liquid and lifting it 

to the surface are obtained using a frequency of 62 kHz. At 62 kHz, the droplet size distribution is 

finer than other frequencies and more uniform as can be seen in Figures 5.1 to 5.4. Also, the axial 

velocity of the droplets is displaying a quadratic curve increasing at position 4 and decreasing at 

position 8. The maximum velocity is after the center of spray at position 7. Both factors helped 

creating better results for atomizing the liquid and lifting it to the surface ultimately decreasing 

liquid loading in horizontal and slightly inclined wells. The drops distribution and velocity at 

frequency of 62 kHz seem to give the best results for atomizing the liquid and lifting it to the 

surface as can be seen in Chapter 4 for the six cases (Table 4.9). 



 

92 

CHAPTER 6 

FIELD APPLICATION: ADVANTAGES AND DISADVANTAGES 
 

This chapter deliberates and demonstrates the application and advantages of utilizing the 

atomization technique in oil and gas production operations. Although this technique was 

implemented in many industrial, agricultural, and propulsion systems such as medical sprays, 

humidification, spray during acid etching, and combustion, it has never been applied in the oil and 

gas industry as an artificial lift method. A brief discussion about acoustic lift is included in this 

chapter to show the applicability of the method in the oil and gas industry.  

6.1 Application 

Ultrasonic transducers are widespread technology due to their numerous applications. 

These ultrasonic transducers can be utilized as atomizers in many fields such as biomedical, 

pharmaceutical, and industrial applications. Examples of these applications are humidifiers, micro 

or nanoelectronics, nanoparticle synthesis, spray coating, drug delivery, drug preparation for 

inhalation and many other beneficial usages (Al-Jumaily and Meshkinzar 2017; Hettiarachchi 

2007; Liu 2000; Gogate 2015). The common droplet size ranges used in the medical practices are 

less than 10 µm in diameter (Al-Jumaily and Meshkinzar 2017; Hettiarachchi et al. 2007). There 

have been many publications and investigations done in the ultrasonic transducer area, which is 

justified by having a variety of atomizer applications. In industrial applications, generators with 

high power are used to supply efficient energy to the atomizers. However, these high-power 

generators were regulated. Gallego-Juarez et al. (2001) developed macrosonic generators after 

limiting the usage of high-power generators (Al-Jumaily and Meshkinzar 2017). Sprays are 

suitable in many marketable applications; however, they can generate few environmental concerns 

due to their inefficiency in atomization. Atomizers used to be designed using traditional fluid 
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dynamic principles and empirical techniques. Selecting the optimum functioning atomizer is done 

in two steps: first running an error iteration process, and second, running experiments to assess its 

performance. Lately, the improvement in technology carried the process to be a computer-based 

design procedure using mathematical models and renovated equipment. The precision of 

predicting spray parameters has been enhanced ever since (Mao and Tate 2000; Lipp 2006; Lipp 

2020).  

Piezoelectric plates consist of synthetic ceramic substances and their optimal operation is 

effective over a broad range of frequencies from 30 kHz to 5 MHz (Topp and Eisenklam 1972). 

Ultrasonic atomizers have the following advantages: small droplets that can be managed, uniform 

droplet size distribution, high sphericity droplet shape, and less required liquid feed pressure. 

Ultrasonic atomizers inject lower droplet velocities into the continuum medium reducing the 

bounce back effect of droplets from their origin. A way to control the spray pattern is by selecting 

a proper geometry design of the vibrating surface. These alterations in geometry designs can help 

in dealing with viscous fluids.  The working principle of these atomizers depends on single-phase, 

unlike the two-phase nozzles which eliminate the need for compressed air, to transmit its kinetic 

energy to the atomized liquid. One disadvantage of using ultrasonic atomizers is their throughput 

rate which is controlled by the area of the vibrating surface. The small size of the high-frequency 

transducers causes the handling capacity of volume to be limited although the ultrasonic atomizers 

don’t work with high-frequency transducers.  These piezoelectric transducers cannot run at low 

frequencies to get a larger throughput velocity. The amplitude of low-frequency transducers is 

incapable of producing liquid sheet or proper decomposition. The horn atomizers utilize less power 

and amplify the vibrations which aid in atomizing liquid (Rajan and Pandit 2001). 
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The deficiency in understanding the ultrasonic atomization concept can create issues once 

it is applied in the industrial practice especially for designing ultrasonic atomizers to a specific 

application.  Many sources discussed the mechanism of droplet formation whether it is by 

disintegration or vibration despite the hurdle in understanding the theoretical analysis of the 

cavitation zone in an atomizer (Rajan and Pandit 2001). Knowing the ultrasonic atomization 

mechanism, spray correlations, and droplet size distribution help in selecting the type of atomizer 

appropriate for each application. 

6.1.1 Ultrasonic Atomization Mechanism 

When applying ultrasonic waves to liquid, the liquid starts to split into smaller droplets 

discharging it from the ultrasonic source surface to the surrounding medium as a fog. The size and 

the density of the fog produced using the ultrasonic frequency at a certain flow rate can be 

controlled which counts as an advantage.  

Liquid disintegration due to ultrasonic atomization has two main mechanisms: cavitation 

assumption and capillary wave assumption (Topp and Eisenklam 1972; Topp 1973; Avvaru et al. 

2006). At high frequency and high system intensity, the cavitation assumption is used. Cavitation 

bubbles happen after applying ultrasonic vibration to a liquid film. A high hydraulic shock is 

produced when the bubbles go under implosive collapse, specifically those bubbles close to the 

liquid’s surface. These hydraulic shocks help the liquid film disintegrate into smaller liquid 

droplets (Eknadiosyants 1968). The second mechanism, capillary wave assumption, is associated 

with Taylor instability. The capillary waves of liquid consist of peaks and valleys. Atomization 

occurs when the volatile vibrations demolish the peaks of a wave in liquid creating smaller 

droplets. There is an inverse proportional relationship between the capillary wavelength and 

frequency of ultrasound. As a result, increasing the frequency produces droplets at the crests with 
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a size proportional to the capillary wavelength (Peskin and Raco 1963; Yule and Al-Suleimani 

2000). Cavitation theory is driven by the factors that affect ultrasonic atomization which are liquid 

vapor gas fraction in liquid, pressure and sonoluminescence of the bubbles. However, wave theory 

is in favor of the solid correlation established between the capillary wavelength and the mean 

droplet size. Lang’s study of surface disturbances revealed that liquid surface is mainly crossed 

capillary standing waves. The only difference noticed in the study is the change in wavelength 

when varying the frequency (Lang 1962; Rajan and Pandit 2001). In the cavitation theory, 

Boguslavski and Eknadiosyants (1969) combined the above theories and named it ‘conjunction 

theory’. As stated by the theory, the recurrent hydraulic shock tied to the cavitation interference 

reacts with the amplitude of capillary waves and stimulates them to create droplets.  

The preliminary assumption states that the rapid increase in the surface interferences causes 

the creation of drop which its size depends on the wavelength amplitude of these surface 

interferences (Peskin and Raco 1963). The proposed correlation estimates the droplet size by 

taking one half of the wavelength of the interferences. In accordance with Rayleigh’s instability 

standards (1878), the wavelength parameter is found by multiplying the diameter of the jet by 4.5. 

To calculate the diameter of the jet, the diameter of the droplet should be multiplied by 0.53. Also, 

Rayleigh’s theory (1878) indicates that the wavelength is double the diameter of the droplet. To 

check for the starting of disturbance, the fluid dynamics of a liquid film should be examined. 

Assuming that the fluid movement is not rotational, cavitation can initiate different droplet sizes 

(Rajan and Pandit 2001). 

The conventional atomization has random capillary waves compared to the ultrasonic 

vibration process where it has extraordinary ones resulting in a consistent droplet size distribution. 

Therefore, the conjunction theory is proven using the two observations, the inconsistent 
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disintegration caused by the cavitation shock and the uniformity of the droplet distribution.  It is 

presumed that the cavitation induced shock waves stimulate the capillary waves. This conjunction 

hypothesis links the mean droplet size and capillary wavelength together in a correlation whereas 

atomization pivots on dispersed gas content, liquid mist pressure, and static pressure. One way that 

helped the studying of the ultrasonic atomization technique is using a stroboscope and a video 

camera with a zooming lens (Hansen 1970; Rajan and Pandit 2001).  

The most common induced ultrasound atomizer used is the capillary wave atomizer. These 

atomizers operate at low frequencies less than 100 kHz and their amplitude reaches 3 µm at 10-

100 Watt power output. These lower frequency ranges form fine droplets under low viscosity 

liquids (less than 20 mPa.s) without the need of using pressure. Immediately after the liquid film 

comes in contact with the vibrating surface at a certain frequency and fluctuates perpendicular to 

the liquid surface creating capillary waves that stimulate the production of fine uniform droplets 

at different liquid flow rates (Topp and Eisenklam 1972). Topp and Eisenklam studied many 

frequency ranges but did not investigate the viscosity, density or flow rate effect on the droplet 

size distribution. The droplet size is calculated using Lang’s equation mentioned in Chapter 2 after 

most of the droplets are produced (Lang 1962). In sonic waves application, Kelvin’s equation is 

used to estimate the wavelength. The frequency employed in the formula is equal to the sound 

frequency divided by 2.  Lang found out that 90% of the droplets are less than double the median 

diameter number. 

6.1.2 Spray Correlations 

The advancement in finding significant correlations between spray constraints and 

atomizer capability is important when characterizing a spray. The equation parameters including 

liquid properties, the physical geometry of the atomizer and climate conditions impact the 
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atomization process and liquid dispersion. These experimental correlations aid in designing and 

evaluating the atomizer’s capabilities. The well-known parameters that influence the spray 

characteristics are the length of atomizer; pressure; liquid density; liquid viscosity; liquid velocity; 

surface tension; gas density; and gas velocity (Lang 1962; Mao and Tate 2000; Lipp 2006; Gogate 

2015; Lefebvre and McDonell 2017; Lipp 2020). 

Ultimately, these investigations indicate that the main dimensionless numbers used to 

describe the spray are Reynolds number and Weber numbers. As mentioned in Section (2.2) 

Reynolds number is defined as the ratio of inertial forces to viscous drag forces. This dimensionless 

number is used to identify the discharge coefficient and spray angle at the atomizer’s outlet. Weber 

number is described as the ratio of the disruptive aerodynamic forces to the surface tension forces. 

This number is essential when the relative velocity between the introduced liquid and adjacent gas 

is high. There are many publications concerning empirical correlations for liquid atomizers, but 

these correlations are explicit to the atomizer’s type. Therefore, the usage of this correlation is very 

limited to a specific design of atomizer. Thus, it is difficult to generalize a specific mathematical 

expression to include all the atomizer types and their operating conditions (Lipp 2006; Rajan and 

Pandit 2001; Lefebvre and McDonell 2017). 

According to Rajan and Pandit (2001), there is a shortage on the conceptual or experimental 

correlations used to estimate droplet size produced by ultrasonic atomization and its dependence 

on physical properties such as liquid viscosity and volumetric fluid rate. This poses a handicap for 

designing ultrasonic atomizers appropriate for a certain application since there is no clear 

procedure. Most of the modifications to the correlations are accounting for the observed 

dependence of the surface geometry and the droplet formation mechanism on the oscillating 



 

98 

surface. For example, hollow horns atomizer increases the throughput, and a convex shape yields 

extended size of spray cone (Sindayihebura et al. 1998).  

One of the studies done on the mechanism of droplet formation is Maehara et al. (1984) 

paper.  Maehara et al. (1984) published results for a simple and small device they have built to 

atomize liquids uniformly that consumes less power. The device consists of piezoelectric ring, a 

pinhole plate and a frame. They found out that the atomization rate does not increase when the 

voltage applied to the piezoelectric is increased. But rather, the atomization rate is dependent on 

the vibration frequency and the number of pinhole plates. Maehara continued studying the effect 

of changing number of pinhole plates (Ueha et al. 1985; Maehara et al. 1987), the shape of the 

pinhole and on the performance the vibrator structure. Both of these factors helped directing the 

spray pattern (Maehara et al. 1988; Rajan and Pandit 2001). 

6.1.3 Droplet Size Distributions DSD - Analytical Formula 

The droplet size distribution has to be assumed or measured using experiments to find the 

mean droplet diameter. The segment of surface wave ejecting droplets control the variation in 

droplet distribution. Also, this variation can be attributed to either collision of droplets or their 

conglomeration. Lang (1962) concluded that the volumetric flow rate of liquid and its viscosity 

don’t affect droplet size although the experimental results show the opposite.  

Recently, the Rosin-Rammler (1933) function is widely used for empirical size 

distribution. At first, this function was used for powders then got associated with liquid sprays in 

characterizing droplet size distribution for a variety of atomizers. The formula of the cumulative 

distribution function is defined as: 

𝐼 − 𝑄 = 𝑒H($/O)^R                (6.1) 
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Where Q is the fraction of the total spray volume contained in droplets smaller than 

diameter D, and, X and q are fixed constants. X is the average diameter and q is the spray’s size 

distribution. We get more uniform size distribution when the value of q is larger. As the q 

approaches infinity, the size of the droplets reaches the same size (Lefebvre 1989; Bossard 

1996).  Using the Rosin-Rammler formula is simple but it assumes an unlimited number of 

droplets enclosed by the spray. Recent studies of DSD functions developed complicated 

mathematical expressions. These investigations of DSD functions incorporated some of the 

mechanisms related to the absolute formation of the DSD while the atomization technique is taking 

place (Bhatia and Durst 1990). 

6.1.4 Modeling of DSD Effects in Spray Atomizers  

Modeling the DSD effects in spray is tremendous. There are many assumptions to be made 

while building a model and the most basic one is described by mean droplet diameter. A 

comprehensive computational fluid dynamics (CFD) modeling usually used for spray processes 

by selecting the turbulence mode, but it is still under study and need to be validated with 

experimental data to input some of the constants (Sirignano 1986; Aggarwal et al. 1984). 

On the other hand, modeling spray processes has undoubtedly advanced since then 

especially in modeling the droplet size distribution effects. Tambour et al. (1985;1994) established 

what is called a ‘spray sectional conservation approach’ that works best in spray-laden gas flows. 

Their mathematical equation is primitively derived from Williams et al. (1959). This mathematical 

expression governs the mass, momentum, and energy conservation equations into the droplet sizes. 

The continuum medium, gas, is computed using an Eulerian mode while the droplets are tracked 

using Lagrangian mode. The Lagrangian mechanism considers a cluster of droplets that have the 

same velocity, flow and experience   evaporation or combustion together.   
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Chiu et al. (1982) predicted droplet size distribution effects under the combustion concept 

group without integrating the turbulence effects into the development. The later studies 

incorporated the turbulence effects successfully and made it appropriate for many spray 

computations to easily model droplet size distribution effects. 

6.2 Industrial Applications 

Atomizers play an essential part in various industrial applications even though they are 

compact compartments since it controls the efficiency of the atomization process. Lately, the 

designs of the atomizer have been developed in terms of designs, quality, and testing to meet the 

environmental regulations. Some of the major concerns are incomplete droplet evaporation, 

nonuniform droplet size distribution, spray pattern, angle, penetration, and concentration. The 

complexity of the atomizer design and its numerous design characteristics make it hard to choose 

the optimum design for any application. To decide the best option to use, an atomizer’s 

manufacturer should be checked. To do so, there must be a list of the following data to be able to 

suggest some designs: liquid properties such as density, viscosity and surface tension. Also, 

knowing the operating conditions is important, e.g., flow rate, pressure, temperature average 

droplet size, and droplet size distribution. Although for each spray’s application there is a certain 

requirement, the spray structure and vibration mode tend to rule the selection process (Nasr et al. 

2013; Lefebvre and McDonell 2017). 

There have been extensive studies and research conducted in the atomization field to 

explore different new technologies till today. Some of these technologies are common in the field 

of chemicals and food. Substance separation such as solid from liquids while drying, splitting 

content in the aluminum industry, cooling gas by atomizing liquid in various kinds of devices. The 

atomization process creates uniform droplet distribution of liquid within its medium. This 
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technique of breaking liquid into fine droplets, in particular, is used in the chemical and food 

industries led to success in the economy of extracting solid particles from liquid during drying. 

Atomizers in general have been utilized in agriculture especially when there is over hundreds of 

thousands of acreages to be sprayed with chemical compounds to treat agricultural diseases 

(Kutateladze 1980). 

Nonetheless, atomization technique is well known in the fuel combustion sector. The very 

first atomizer to be used in the combustion of liquid fuel was discovered by Shpakov in 1864 which 

had an essential role right after it was created (Kutateladze 1980). It had a simple structure and 

worked efficiently that made it popular and easy to manufacture. Although the design has a minor 

issue with respect to specific vapor consumption, it is still being used. After this sprayer had been 

developed, many other spray nozzles came to light and were produced with diverse operational 

basises. Many factors control the design of atomizer making them different from each other such 

as structural characteristics, control method, number of atomization stages, movement of the 

mixture of fuel and phase being atomized (air, vapor) (Kutateladze 1980).  

6.3 Oil Field Application 

Many conventional techniques for removing accumulated fluid and improving flow in gas 

wells are available in the industry, for instance, using direct pumping such as sucker rod pumps, 

electrical submersible pumps and progressive cavity pumps. An alternative technique is reducing 

diameter of the string velocity (0.25 to 1.5 inches) in a production well. Reducing the velocity 

string diameter decreases the production flow zone which in return increases the gas phase velocity 

and helps carry liquids to the surface. Plunger lift installed inside the production string helps 

produce small quantities of fluid intermittently. Gas lift is another lifting technique used to lift the 

accumulated fluid by injecting gas downhole to reduce hydrostatic pressure. Another 
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deliquification techniques is installing a wellhead compression and injecting soap sticks or a 

foaming agent (EPA 2011; Harris 2017; Gao 2020). 

Despite having various conventional methods to lift accumulated liquids from a well, few 

of them offer adequate reduction of accumulated liquid in a natural gas well having low bottom-

hole pressure. Moreover, some of the mentioned lifting techniques might be expensive while the 

cost of gas is low in low production gas wells (stripper wells) (Harris 2017). 

The invention of an acoustic artificial lift system presents an alternative method for 

deliquification of gas production wells, thus enhancing gas production. The acoustic artificial lift 

technique consists of a down-hole apparatus attached to a power cable and hoist system. The down-

hole tool is deployed into the production tubing and produces acoustic waves to atomize liquids 

such that they can be carried to the surface by produced natural gas. The acoustic lifting method 

can be directly installed, and occupies a small surface-area, is safe in the wellbore and does not 

cause any destruction to the completion equipment or reservoir formation. It lowers the operational 

costs due to rig operation expenses and required safety. Additionally, the acoustic artificial lift 

technique in not mainly a mechanical structure, thereby it improves the range of natural gas 

production and lengthen the life of a producing well (Chang and Bai 2017; Harris 2017; Gao 2020). 

The experimental results presented in Chapters 4 and 5 indicate that the acoustic lifting 

concept is perhaps best implemented in the vertical section rather than horizontal until further work 

is completed or validated. Although the acoustic lifting is still under experimental investigations, 

the technique is considered simple and consumes low energy. The cost and economical benefit of 

the five common artificial lift techniques are summarized in Table 6.1. The results in this table are 

undiscounted. 
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Table 6.1 Economic and Environmental Benefits for Gas Deliquification Methods (EPA 2011; 
Christiansen 2003). 

Method for 

Reducing 

Natural 

Gas Losses 

Volume of 

Natural Gas 

Savings and 

Incremental 

Production, 

Mcf/well/year 

Value of Natural Gas Savings 

and Additional Production, 

Mcf/well/year Implementa-

tion Cost,  

2010 $/Well 

Project Payback,  

years 

$3 per 

Mcf 

$5 per 

Mcf 

$7 per 

Mcf 

$3 per 

Mcf 

$5 per 

Mcf 

$7 per 

Mcf 

Foaming 
Agent 

500 –  9,360 
$1,500 - 
$28,080 

$2,500 -
$46,800 

$3,500 -
$65,520 

$500 - $9,880 0 to 7 0 to 4 0 to 3 

Velocity 
String 

9,285 – 27,610 
$27,855 - 
$82,830  

$46,425 - 
$138,050 

$64,995 -
$193,270 

$7,000 - 
$64,000 

0 to 3 0 to 2 0 to 1 

Plunger Lift 800 – 1,463 
$2,400 - 
$4,389 

$4000 - 
$7,315 

$5,600 - 
$10,241 

$5,700 - 
$18,000 

1 to 8 1 to 5 1 to 4 

Rod Pumps 973 – 2,040 
$2,919 - 
$6120 

$4,865 - 
$10,200 

$6,811 - 
$14,280 

$41,000 - 
$62,000 

6 to 22 4 to 13 3 to 10 

Acoustic Lift 500 - 1500 
$1,500 - 
$4,500 

$2,500 - 
$7,500  

$3,500 - 
$10,500 

$6000 - $15,000 1 to 8 1 to 5 1 to 4 
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CHAPTER 7 

COMPUTATIONAL FLUID DYNAMICS (CFD) SIMULATION 
 

This chapter is standalone and is not intended to tie directly to the experimental work. The 

following sections address a vital hypothetical case that could not be demonstrated in the lab, 

which is studying the optimum droplet size distribution suitable for the exact experimental 

conditions. To achieve this objective, this model was implemented and validated on a 

computational fluid dynamics (CFD) platform. CFD is a simulation based on numerical methods 

that allows for predicting possible approaches to solve fluid flow issues and facilitate stable flow. 

The modeling in CFD could be performed on a variety of sensitivities that could be of significance 

in the future of related studies. 

In this project, two areas are of prime importance. The first one is the effect of different 

drop sizes on the transport efficiency and the performance of the technique during production. The 

second is studying the liquid behavior and fluid dynamics after applying the atomization 

mechanism. Flow simulation results are evaluated from both of these areas against the physical 

principles of multiphase flow in pipes. The sensitivity analyses are performed on the liquid drop 

flow dynamics and flow regimes. 

The reliable prediction of characteristic parameters such as liquid droplet size distribution 

and flow behavior together within the gas flow is thus an important measure. In order to achieve 

this objective, the implementation and validation of this model in a computational fluid dynamics 

(CFD) platform are the main tasks. 

For modeling purposes, the tool is placed horizontally in the middle of the gas/air flowing 

pipe. The geometry is simplified while keeping the tool and droplet injectors with the same 
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dimensions in a 3D space (xy, zx and yz planes) as the experimental data, and the tool with the 

pipe are cut in symmetry along the zx-plane to reduce computational time. The pipe diameter was 

set to 4 in, and the injector diameter was set to 0.04 in. The tool has small tubes within the body 

named as injectors. To create a fluid flow computational domain, a cylindrical enclosure was 

created around the tool. This enclosure was taken as a fluid flow domain for air and water droplet. 

The orientation of the injectors is set using an orientation of 90o (sprayers facing sideways) and 

water droplets are injected at 45 degrees to vertical from the tool surface into air flow. The bottom 

part of the enclosure was named as external inlet, whereas the top face was named as the external 

outlet. The tool was suppressed, and the faces between the enclosure and tool injectors were set as 

the injection surfaces, as shown in Figure 7.1. 

 

Figure 7.1 The tool and enclosure named surfaces. 

7.1 Grid Generation 

The subdividing of a geometrical domain into a number of smaller grid cells is required for 

CFD to setup a discretized computational domain to resolve the important flow physics within the 

Injection 4

External Symmetry

External Wall



 

106 

geometrical flow region. Having a well-constructed grid leads to a reliable numerical solution for 

the governing partial differential equations and solution convergence. Various gridding methods 

and grid types are available depending on the physics and the geometry of the computational 

domain that needs to be captured. A reliable grid choice needs to provide less computational time 

without losing solution accuracy. 

Hybrid mesh is used to combine tetrahedral and hexahedral grids. For the body of the 

geometry, an unstructured mesh was utilized to allow the cells to assemble freely within the 

computational domain since the studied geometry is considered complex. The cell shape used was 

tetrahedron to suit the geometry with high curvature boundaries. However, it is ineffective at 

resolving wall boundary layers, especially in this case, because turbulent flow is present. The 

tetrahedral cells form long thin triangular cells at the walls that create major problems in estimating 

the diffusive fluxes. Twenty inflation layers are introduced at the wall using hexahedral grids to 

resolve the boundary layers. 

Several meshing methods are utilized for the given geometry, and each generated mesh is 

studied for the solution convergence. Once the solution convergence is achieved, the mesh is 

refined further to define the mesh-independent solution. Also, each mesh is checked for its quality. 

A poor-quality mesh can result in inaccurate solutions and slow convergence. To measure grid 

quality, cell shape and distribution are checked by monitoring aspect ratio, skewness, and 

smoothness. Based on Table 7.1, a range of skewness values of 0-0.25 is highly desirable in order 

to get excellent mesh quality. The obtained skewness value of 0.25 for this work was within this 

range and indicates that we fulfilled this criterion. In terms of aspect ratio, large ratios should be 

avoided because it can affect accuracy and result in poor iterative convergence. A typical aspect 

ratio range of 0.2<AR<5 should be maintained. The AR value of 1.87 used for this work falls 
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within this range. To achieve better smoothness, a change in size was done gradually to avoid 

truncation errors coming from discontinuities in grid size.  

A summary of the mesh and method setting can be found Table 7.2. Table 7.3 shows the 

different mesh sizes tested for grid independence and the quality/statistical parameters for each. 

Figure 7.2 shows the results of grid independence study. Grid independence is reached by refining 

grids and increasing the number of grid points until a solution is attained where no important 

changes in the results appear (Tu et al. 2018) 

Since the difference between the 0.005 m and 0.0025 m meshes is very minimal, 0.005 m 

mesh was considered to be the grid independent mesh size and used for this project. Figure 7.3 

illustrates the computation domain mesh after generation from ANSYS (Multiphysics engineering 

simulation software). 

Table 7.1 Skewness Evaluation. 

Value of Skewness 0-0.25 0.25-0.50 0.50-0.80 0.80-0.95 0.95-0.99 0.99-1.00 

Cell Quality Excellent Good Acceptable Poor Silver Degenerate 
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Table 7.2 Mesh and Method Settings. 

Item Setting 

Meshing method MultiZone 

Mapped mesh type Hexa/Prism 

Surface mesh method Program-controlled 

Free mesh type Tetra 

Sweep size behavior Sweep element size 

Element size 0.005 m 

Quality/ smoothing High 
 

Table 7.3 Grid Independence Sensitivities. 

Case 
Mesh 

size, m 
Aspect Ratio 
(min: max: avg) 

Skewness, 
avg 

Elements Meshing method 

Case A 0.01 1.15: 11.66: 1.92 0.26 524,216 

Meshing method: 
MultiZone 
Mapped Mesh Type: 
Hexa/Prism 
Free Mesh Type: Tetra 
Max Inflation Layer: 20 

smooth transition 

Case B 0.005 1.16: 12.6: 1.88 0.25 2,566,921 

Meshing method: 
MultiZone 
Mapped Mesh Type: 
Hexa/Prism 
Free Mesh Type: Tetra 
Max Inflation Layer: 20 

smooth transition 

Case C 0.0025 1.15: 12.0: 1.87 0.25 18,617,470 

Meshing method: 
MultiZone 
Mapped Mesh Type: 
Hexa/Prism 
Free Mesh Type: Tetra 
Max Inflation Layer: 20 

smooth transition 
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Figure 7.2 Grid independent solution study. 0.005 m shows to be an independent grid mesh size 
since it approaches the same solution as the finer grid (0.0025) for the velocity profile inside the 
fluid domain. 

 

Figure 7.3 Computational domain mesh. 
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The numerical considerations applied to solve a CFD problem are convergence, tolerance, 

residuals, stability, errors, under relaxation factors, and grid independence. Equations 7.1-7.8 are 

the governing equations for incompressible flow and are applicable to solving this problem. 

Mass conservation in the Cartesian coordinate system: 

(𝑚)		SJ
S'
+ S.

ST
+ S-

SU
= 0             (7.1) 

where u, v, and w are the local velocity components and functions of location (x, y, z) and time 

(t). 

Momentum Equations (Navier-Stroke’s equations): 
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Where v is the kinematic viscosity.  



 

111 

Energy Equation: 
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Turbulence Equations: 
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Where P is the production term, D is destruction term, PrT is the turbulent Prandtl number, Pr the 

Prandtl number, 𝜖 is the dissipation rate, k is the kinetic energy, 𝐶[<= 1.44, 𝐶[7=1.92, 𝜎[=1.3, 

𝜎Z=1.0 (Bogin 2019; Tu et al. 2018). 

7.1.1 Discretization of Governing Equations 

To solve the governing Equations 7.1-7.8, there are techniques to obtain an approximate 

solution with proper boundary conditions. 
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7.1.1.1 1st order upwind 

This is the simplest numerical scheme and was used before determining the grid 

independence to ease the calculations. The main advantages of this method compared to 

the second method (2nd order upwind) are that it is easy to implement, and the results are 

very stable but diffusive. Gradients in the flow field tend to be spread out. In this case, it 

was run with 400 iterations and converged at 348 iteration without adding injections. 

7.1.1.2 2nd order upwind 

This method is more accurate than the first order upwind scheme but in regions 

with strong gradients which can cause face values that are outside of the range of the cell 

values. 2nd order with limiters is one of the most popular numerical schemes because of 

its combination of accuracy and stability. This method was used after getting grid 

independence. 

1st order upwind and 2nd order upwind methods assume some shape of the function 𝝓. 

These equations can be estimated using Taylor’s polynomials: 

𝜙(𝑥)) = 𝜙V𝑥YW +	\*]'+^<!
V𝑥) − 𝑥YW + \**]'+^

7!
V𝑥) − 𝑥YW7 			+ ⋯+					\,]'+^

L!
V𝑥) −

𝑥YWL +⋯                 (7.9) 

1st order upwind scheme only uses the constant and ignores the first derivative and 

consecutive terms and that is why it is considered a first order accuracy. The 2nd order upwind 

scheme does include the first order derivative but ignores the second order derivative. That is why 

it is referred to as second order accuracy. 
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7.1.2 Equations of Pressure-Velocity Coupling 

If the flow involves incompressible fluid, it is better to use SIMPLE scheme. SIMPLE is 

an algorithm that secure a correct connection between pressure and velocity. A pressure field is 

guessed and used to solve the momentum equations based on the continuity equation, which is 

then used to obtain a pressure correction field, which is finally used to update the velocity and 

pressure fields. The guessed fields are progressively improved through the iteration process until 

convergence is reached for the velocity and pressure fields. After running the solution using 

SIMPLE and 2nd order discretization, residuals convergence is used. This system is flowing 

incompressible air which has been checked using Mach number M, if M<03 then it is 

incompressible flow. 

𝑀 = .),#W+VT	#*	&+K

"Y))@	#*	"#JL@
= <;.<

;=;
= 0.038 < 0.3         (7.10) 

7.2 Analyzing the CFD Solution 

Key essentials to analyze solutions in CFD are convergence, accuracy, consistency, 

stability and efficiency. Analyzing solution convergence is indirectly related to solution 

consistency and stability. Stability is satisfied by formulating the system of algebraic equations 

through discretization and validated with the original PDEs. The numerical algorithm selected in 

this model to solve the system of algebraic equations should take into account the stability and 

consistency to ensure proper convergence. For this case, the numerical solution scheme that was 

selected “SIMPLE” with its relaxation factor made the solution converge and not diverge. 

7.2.1 Convergence 

There are two methods to check for convergence in CFD. The first method is the iterative 

convergence and the second is grid convergence. Iterative convergence depends on three 
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parameters. First, all the discretized equations such as momentum, velocity, epsilon, energy, and 

species are converged when they reach the specified tolerance. The residuals used for this case 

were 10-5 for species, 10-6 for energy and 10-3 for other parameters based on the standard residuals 

used for multiphase flow and droplets transport. Second, the numerical solution does not change 

when adding more iterations. Third, the overall mass, momentum, energy, and other scalar 

balances are obtained by minimizing the errors and satisfying the residuals. The system was 

initialized using standard mode with air inlet velocity without injectors. Then calculations were 

run again after adding injectors. Figure 7.4 shows the solution convergence plot. 

 

Figure 7.4 Solution convergence at the 348 iteration. Continuity, velocities, energy, turbulence (k 
and 𝜖), and species equations are converging to the residual values.  

7.2.2 Accuracy 

The accuracy was improved by refining the grid until the grid independence solution was 

met with 1st order approximation. Then utilizing higher order approximation “2nd order” to 

minimize the local and global errors and smooth the solution. The system is considered complex 
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because it has a spray tool with a non-uniform geometry and spray small droplets into another fluid 

medium. To reduce the round-off errors, a double precision was used since the system is 

considered complex and species were introduced to the model.  

7.2.3 Verification and Validation 

In addition to convergence and accuracy, to avoid any human errors such as computer 

programming errors, applying inappropriate sub models or boundary conditions, the model should 

be validated and verified. Improper modeling of the physics or incorrect computational design 

such as inaccurate assumptions and simplifications can lead to uncertainties and increase errors. 

The verification was accomplished by checking the initial and boundary conditions. Validating the 

calculations in this model was established by comparing the numerical results with experimental 

results. 

7.2.4 Efficiency 

To capture the phenomena of injecting droplets into the air stream, a high-quality grid is 

needed to resolve the physical-flow structures. Trying to refine the mesh in order to accurately 

capture the flow physics caused slower convergence for the iterative solution method used. The 

coarser the mesh, the closer the grid points in the computational space, which resulted in fewer 

computational cells between any two spatial locations. However, finer mesh increased accuracy 

and the efficiency of the model. 

7.3 Flow Modeling 

Upon calculating the Reynolds number, the model to be used to predict the flow was 

turbulent based on Equation 7.11 applied for the air stream. The fluid properties are summarized 

in Table 7.4. 
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𝑅) = C	J	$

!
= 87930 > 2300           (7.11) 

where Re is the Reynolds number, 𝜌  is the density of the fluid (air), 𝑢 is the velocity of the fluid 

(air), 𝜇 is the viscosity of the fluid (air) and 𝐷 is pipe diameter (Brito 2017).  

Reynolds number was also calculated for the water exiting the injectors using Equation 

7.12.  

𝑅) = 	J	$

.
             (7.12) 

where 𝑣 is the kinematic viscosity. 

Table 7.4 Summary of Fluid Properties. 

Property Value 
Air density 1.225 kg/m3 

Air viscosity 1.7894 × 10H: kg /m-s 

Pipe diameter 4 in. 
Droplet velocity 45 ft/s 

Water kinematic viscosity 1.08 × 10H:	𝑓𝑡7/𝑠  

Droplet diameter 30, 100, 200, 300 𝜇m 

 

There were four droplet sizes tested, thus four Reynolds number values were found. For 

200 µm and 300 µm sizes, Reynolds number values are 2737 and 4105, respectively. These values 

are above the critical Reynolds number for internal flow (2300), thus it is turbulent flow for these 

two sizes. For 30 µm and 100 µm, the Reynolds number values are 411 and 1368. Hence, the flow 

is laminar for these two sizes. For laminar flow, no interaction with the continuous phase was 

applied in the model setup. For turbulent flow, two-way coupling was applied after applying the 

interaction with the continuous phase. 
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The practical technique selected to handle the turbulent flow was Realizable k-ɛ model. It 

was selected because it accurately predicts the boundary-layer velocity profile and handle the 

reattachment flow very well. Predicting the boundary layer near the tool is significant because the 

injection of droplets occurs within that location. This technique has new eddy-viscosity formula 

with a variable C𝜇. The model is modified based on the dynamic equation of the mean-square 

vorticity fluctuation producing a new source term. 

In order to get solution stability and numerical convergence, proper boundary conditions 

should be applied. For the inlet air velocity boundary conditions, the air velocity is set to be 43 ft/s 

and since this model is turbulent, the turbulent intensity and hydraulic diameter, Dh are specified. 

The turbulent intensity “I” is defined as: 

𝐼 = 0.16	𝑅)H</G = 0.04 = 4%          (7.13) 

𝐷> = 4	𝑖𝑛  

For wall boundary conditions, a stationary wall (no slip) and an isothermal temperature of 293 K 

are assumed. Table 7.5 presents all of the parameters used to setup the model. 
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Table 7.5 CFD Solver Setup Summary. 

Item Setting 

Setup option Double precision 

Processing Data Serial 

Solver Pressure based 
Time Steady State 

Viscous model k-ɛ 

k-ɛ model Realizable 

k-ɛ Near wall treatment Enhanced wall treatment 

Species model Species Transport with inlet diffusion 

Mixture material mixture-water-air 

Discrete phase model On with 4 injectors 

Tracking parameters Max #steps 50000, step length factor 5 

Interaction Interaction with continuous phase for 200, 300 µm 
Physical model: Two-way turbulence coupling 

Particle type Droplet 

Injection type Surface 

Injection material Water liquid 

Diameter size 30, 100, 200, 300 µm 

Droplet inlet velocity 45 ft/s 

Boundary Conditions/air 
Inlet 

Ui=43 ft/s 

Other injection settings 
Scale flow by face area 
Inject using face normal direction 

Specification method Intensity and Hydraulic Diameter 

Turbulence intensity (I) 4% 

Turbulent hydraulic 
diameter 

4 in. = 0.1016 m 

Species mass fractions 
(inlet) H2O =0, O2=0.23 

Outlet pressure Gauge pressure = 0 pascal 

Species mass fractions 
(outlet) 

H2O =0.2, O2=0.23 

Wall boundary 
condition 

Stationary, no slip and standard roughness 

Wall temperature 293 K 
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Item Setting 

Solution 
Methods/Scheme 

SIMPLE 

Solution spatial 
discretization k-ɛ 

2nd order upwind 

Under- relaxation factor 
Pressure (0.3), Density (1), Body forces (1), Momentum (0.7), 
Turbulent kinetic energy & dissipation rate (0.8), Turbulent vis. (1), 
H2O, O2, and energy (1) 

Residual control 10-3 for species 10-5 for energy 10-6 

Solution initialization Standard initialization 

Initialization Velocity 43 ft/s in z direction 

Iterations without 
injectors 

400 

Iterations with injectors 2000 

 

7.4 CFD Results and Analysis 

From the analysis in Chapter 5, the droplet size distribution D32, for all frequencies (61.5, 

62, and 62.5 kHz) generated by the atomizer was uniform in the range of 29-31 µm using a PDPA 

setup to measure. For a frequency of 63 kHz, an average size of 48 µm was measured. Therefore, 

the original case study in CFD modeling was done with a droplet size of 30 µm, velocity of droplet 

of 45 ft/s and inlet air velocity of 43 ft/s. Afterwards, the sensitivity test was carried with varying 

droplet sizes. The droplet sizes considered were 30, 100, 200, and 300 µm. 

7.4.1 30-micron Diameter Droplet Case Study Results 

Figures 7.5-7.7 demonstrate the particle tracks, the velocity contours, and the velocity 

vector for the 30 µm droplet size. From Figure 7.5, the water liquid droplets of size 30 µm follow 

the pathway along the tool surface. This effect may be due to the low mass of the droplets and high 

air velocity, where the high air velocity contracts the droplet injection surfaces by putting higher 
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back pressure on the injection surfaces. This phenomenon is called wall impingement where the 

droplets are very small and clustering on the wall. 

Again, Figure 7.6 also illustrates lower droplet velocity and less interaction between water 

liquid droplets and the air continuous flowing phase. From the velocity contour plot, a dominating 

air velocity pushes the water droplets back to the tool surface leading the fluid flow as an annulus 

flow regime.  

From the velocity vectors in Figure 7.7, it is clear that the droplets’ velocity is much higher 

in the tool surface direction instead of the normal direction to the injectors for the 30 micron droplet 

size. Some of the droplets are flowing downward colored in blue vectors at low velocity. 

 

Figure 7.5 Particle tracking of 30 µm diameter water liquid droplets after exiting the injectors. 
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Figure 7.6 Injector-1, the velocity contour of 30 µm diameter water liquid droplets after exiting 
the injectors. 

 

Figure 7.7 Injector-1, velocity vector of 30 µm diameter water liquid droplets after exiting the 
injectors. 
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7.4.2 100-micron Diameter Droplet Case Study Results 

Figures 7.8-7.10 demonstrate the particle tracks, the velocity contours, and the velocity 

vector for a 100 µm droplet size. Unlike the case of the 30-micron diameter droplets, the 100-

micron diameter water liquid droplets initially keep their injection direction by following the 

normal direction to the injection surface for the same velocity condition as in the 30-micron 

droplets. This may be explained due to the increased weight of the droplets where they tend to 

keep their inertial direction as shown in Figure 7.8. Then, higher turbulent air velocity eventually 

pushes the droplets to the wall as the droplet concentration decreases with increasing space within 

the continuous air phase. 

From Figure 7.9, the velocity contour plot shows that dominating air velocity is continuous 

and has less impact from the water liquid droplets of size 100 µm, where the inertial droplet 

velocity is not enough for the droplets to be in constant interaction with the continuous air phase. 

As in the case of 30-micron droplets, the particles of 100-micron diameter in size (water liquid 

droplets) are pushed back to the tool surface as soon as their volumetric concentration decreases 

as a function of a distance from the injectors as shown in Figure 7.10. 
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Figure 7.8 Particle tracking of 100 µm diameter water liquid droplets after exiting the injectors. 

 

Figure 7.9 Injector-1, contour velocity of 100 µm diameter water liquid droplets after exiting the 
injectors. 
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Figure 7.10 Injector-1, velocity vector of 100 µm diameter water liquid droplets after exiting the 
injectors. 

7.4.3 200-micron Diameter Droplet Case Study Results 

Figures 7.11-7.13 demonstrates the particle tracks, the water mass fraction, and the velocity 

vector for 200 µm droplet size. Unlike the cases of the 30-micron and 100-micron diameter water 

droplets, the 200-micron water liquid droplets keep their inertial high with chaotic movements in 

all directions within the computational domain. This may be due to the increased weight of the 

droplets where they withstand back pressure from high turbulent air velocity and tend to keep their 

inertial turbulent movement as shown in Figure 7.11. Additionally, the high turbulent air velocity 

(43 ft/s) increases the chaotic movement of individual droplets once they are injected into the 

flowing domain.  

As a result of water liquid droplet injection process, the water mass fraction increases in 

the domain from Injector-1 towards the outlet. The outlet depicts a high accumulation of the water 

mass fraction for the whole flowing surface area, which explains that some water is leaving the 
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pipe coupled with continuous air flow. This process leads to liquid unloading operations. It is also 

interesting that at the height between the tool and outlet as shown in Figure 7.12, an increase in 

the water mass fraction is noted, which may be due to a droplets recirculation effect and thus 

building up the water pack before being broken and lifted upwards due to high enough air velocity. 

From Figure 7.13, the velocity vectors of the droplets of size 200 µm illustrate the various 

droplet velocity magnitudes and chaotic directions from each injector separately. 

 

Figure 7.11 Particle tracking of 200 µm diameter water liquid droplets after exiting the injectors. 
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Figure 7.12 H2O droplets mass fraction at the Injector-1 and along the pipe for the water liquid 
droplet size of 200 µm diameter. 

 

Figure 7.13 Different velocity vectors at each injector, Injector-1 and Injector-2 in comparison, 
velocity vector of 200 µm diameter water liquid droplets after exiting the injectors. 
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7.4.4 300-microns Diameter Droplet Case Study Results 

Figures 7.14-7.16 demonstrates the particle tracks, the water mass fraction, and the velocity 

vector for a 300 µm droplet size. Similar to the case above with the 200-micron diameter water 

droplets, the 300-micron water liquid droplets keep their inertial high chaotic movements in all 

directions within the computational domain. This may be due to the increased weight of the 

droplets where they withstand back pressure from high turbulent air velocity and tend to keep their 

inertial turbulent movement as shown in Figure 7.14. Additionally, the high turbulent air velocity 

(43 ft/s) increase the chaotic movement of individual droplets once they are injected into the 

flowing domain.  

As a result of the water liquid droplet injection process, the water mass fraction increases 

in the domain from Injector-1 towards the outlet as shown in Figure 7.15. The outlet sees a high 

accumulation of the water mass fraction for the whole flowing surface area, which proves that 

some water is leaving the pipe together with the continuous air phase, which leads to a liquid 

unloading process. Similar to the case of 200-micron droplets, an increase in water mass fraction 

is noted at the height between the tool and outlet, which may be due to a droplets recirculation 

effect and thus building up the water pack before being broken and partially lifted upwards due to 

high enough air velocity. Interestingly, this time some water particles move downwards below the 

injectors’ level. This may be due to several reasons such as a higher water droplet weight, not 

enough air critical velocity to lift the droplets, and a higher water droplets concentration in the 

zones above and in the whole domain. From Figure 7.16, the velocity vector of the size 300 µm 

droplets illustrates the various droplet velocity magnitudes and chaotic directions from each 

injector. 
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Figure 7.14 Particle tracking of 300 µm diameter water liquid droplets after exiting the injectors. 

 

Figure 7.15 H2O droplets mass fraction at the Injector-1 and along the pipe for the water-liquid 
droplet size of 300 µm diameter. 
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Figure 7.16 Different velocity vectors at each injector, Injector-1 and Injector-2 in comparison, 
velocity vector of 300 µm diameter water liquid droplets after exiting the injectors. 

7.5 Comparison between CFD and Lab Results 

Comparison between the experiments and the CFD computation shows that it is not 

favorable to use a droplet size of 30 µm because it gives lower improvement in reducing liquid 

film height. However, using uniform droplet size distribution of 200 or 300 microns predict to 

have better improvement. In reality, having larger size droplets could reduce the droplet 

impingement but it might have the risk of falling back. Also, the water droplet injecting velocity 

has a very significant effect in how the droplets are penetrating the air flow medium and interacting 

with the flow. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 
 

This chapter summarizes the current study, presents the findings and contributions to the 

literature with recommendations for further studies. The conclusions from this dissertation are 

presented in Section 8.1, and the future work is presented in Section 8.2. 

8.1 Conclusions 

In this research, liquid loading was presented as a problem in lower gas flow rate wells. To 

enhance the production of these wells, a new acoustic artificial lift technique was proposed and 

tested in the lab. This section consists of a summary of the experimental and computational results 

in both horizontal and slightly inclined wells.  The experimental investigation was performed using 

six different cases. Based on the overall results, the following conclusions can be drawn: 

1. Since the resonant frequency of the tool is 62.5 kHz or 62 kHz, the frequency values 

chosen for this study were close to the resonant frequency range.  The results when 

using frequencies of 62 and 62.5 kHz were almost identical especially for Cases 1, 

2 and 3. Both frequencies reduced liquid film accumulation at lower liquid velocity, 

Vsl, (0.001 m/s) and higher liquid velocity (0.0168 m/s) while gas velocity, Vsg, 

remained at 14 m/s. In Cases 1 and 2 where the pipe was horizontal, the liquid 

reduction reached an average of 1% h/d difference. A 1% h/d difference is low but 

that is due to having fewer number of stages. The more stages added to the tool 

(sprayers), the more capacity the tool can handle. 

2. Applying a frequency of 63 kHz or 61.5 kHz impacted the performance of the 

technique negatively especially at higher liquid flow rate. A poor quality of droplets 
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was generated, and droplets started to fall back near the corners of the sprayer. A 

frequency of 63 kHz generated a low amplitude of vibration since the voltage 

supplied was less. The higher the amplitude of vibration, the better acoustic 

properties. In case of 63 kHz, the vibration of the plates inside the atomizer were 

not sufficient enough for the acoustic waves to reach their maximum values 

(amplitude) and speed. 

3. The performance of the acoustic tool was highly dependent on the orientation of 

the tool inside the flowing loop due to its atomizer geometry, shape and size. The 

flow regime inside the horizontal pipe and slightly inclined pipe (1o inclination 

angle) was stratified at gas velocity of 14 m/s and ranging liquid velocities of 0.001 

to 0.0168 m/s. The sprayers failed to work while facing the bottom of the pipe (180o 

from the original case). Since liquid occupies the bottom portion of the pipe in 

stratified flow, the liquid started accumulating around the sprayers plugging the 

atomizer and hindering it from working. On the other hand, sprayers facing up 

(original case) helped the droplets to be carried by the gas since the gas occupies 

the top portion of the pipe and did not block the atomizer. 

4. The experiments reveal that using an orientation of 90o (Cases 2 and 4) gave better 

results and had a positive impact in reducing the liquid film level for the sprayers. 

This observation could be due to gravity causing acceleration inconsistency and 

flow intermittency in the vertical upward direction.  Once the orientation has been 

altered (sprayers sideways), the acceleration of the droplets was more consistent. 

5. The use of the technique is eliminated when the gas velocities, Vsg, increased from 

14 to 17 m/s and liquid velocity, Vsl, remained at 0.01 m/s as shown in Cases 5 and 
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6. Gas velocities of 16 and 17 m/s were sufficient to carry the liquid flow to the 

surface without causing liquid accumulations in horizontal and slightly inclined 

wells. 

6. The efficiency of the tool decreases in slightly inclined wells. As more liquid 

quantity accumulated in the well, the atomization technique seems to be slow in 

reducing the liquid film height. Using four stages of sprayers were extremely 

limited in a 6-inch pipe even if the optimum resonant frequency of 62.5 or 62 kHz 

was used. 

7. The flow restriction inside the atomizer imposed a high pressure on the atomizer 

and locked it from working in some cases. Hence, the flow restriction is adjusted 

manually which imposed human errors. 

8. The droplet size distribution D32, for all frequencies (61.5, 62, and 62.5 kHz) 

generated by the atomizer was uniform in the range of 29-31 µm using a PDPA 

setup to measure. For a frequency of 63 kHz, an average size of 48 µm was 

measured. 

9. The average droplet axial velocities for frequencies of 61.5, 62, 62.5 and 63 kHz 

were 0.04, 0.24, -0.08, and 0.21 m/s, respectively. The average droplet radial 

velocities for frequencies of 61.5, 62, 62.5 and 63 kHz were 0.040, 0.09, 0.114, and 

-0.066 m/s, respectively.  

10. The CFD modeling results showed that water liquid droplets of size 30 µm follow 

the pathway along the tool surface due to low mass of the droplets and high air 

velocity. The high air velocity imposes higher back pressure on the injection 
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surfaces. This phenomenon is called wall impingement where the droplets are very 

small and clustering on the wall. 

11. In the CFD modeling, the 100 µm diameter water liquid droplets initially keep their 

injection direction by following the normal direction to the injection surface due to 

the increased weight of the droplets where they tend to keep their inertial direction. 

12. In the CFD modeling, the 200 and 300 µm water liquid droplets keep their inertial 

high chaotic movements in all directions within the computational domain due to 

the increased weight of the droplets where they withstand back pressure from high 

turbulent air velocity and tend to keep their inertial turbulent movement. 

13. Comparison between the experiments and the CFD computation shows that 

generating a droplet size of 30 µm gives lower improvement in reducing liquid film 

height. However, generating 200 or 300 microns predict higher improvement. In 

reality, having larger size droplets could reduce the droplet impingement but it 

might have the risk of falling back. 

14. 1-4% improvement results can be experimental error or in experimental control. 

Therefore, it is probably best to implement it in the vertical section until further 

work is completed or validated. 

It should be noted that the listed conclusions are based on specific materials and tools used 

to evaluate the acoustic atomization technique using laboratory experiments and CFD modeling. 

For example, the lab test was conducted using a specific atomizer type and only four stages. A 

complete change in atomizer type, design and size will likely affect the final results. However, 

even so, these conclusions can be used as a guideline to evaluate the next designed tool used for 

acoustic lifting method. 
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8.2 Recommendations 

Based on the listed conclusions and the limitations of the experiments, further studies can 

be performed to assist evaluating the ultrasonic wave tool. The following recommendations can 

be considered to extend this research work:  

1. In this research, water and air were used to conduct the multiphase flow 

experiments. Another investigation is needed to evaluate the performance of the 

technique with oil and air or oil, water and air. 

2. Investigate the performance of acoustic lifting at higher inclination angles than 1o. 

3. Study the potential of using a different ultrasonic atomizer design or configuration 

since the current atomizer has many limitations due to its geometry and flow 

restriction pin.  

4. Evaluate the same acoustic atomizer tool using a more powerful amplifier with 200 

watts. 

5. Study the performance of acoustic lifting method with non-uniform droplet size 

distribution. This test can investigate the effect of using different droplets size 

technique on lifting reducing the liquid film level and enhancing the production. 

6. Study the lifting efficiency of the ultrasonic atomizer at smaller tubing internal 

diameter size.  

7. Perform sensitivity test in CFD for different water droplets injection velocities in 

air stream.  

8. Further detailed economic analysis could be performed that would include 

discounting and environmental costs. 
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