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Abstract
Potassium carbonate (K CO ) is an effective seeding material to introduce potassium vapor
2

3

in oxy-fuel combustion to create a conductive plasma. Injecting potassium carbonate before
combustion promotes particle volatilization and improves the generation of potassium vapor. This
can be achieved by emulsifying a potassium carbonate solution with kerosene. Several studies
have investigated creating stable emulsions with kerosene with water by using differing
surfactants. However, the effects of using varying concentrations of K CO dissolved in deionized
2

3

water have not been fully explored. Based on methods of creating successful emulsions, the
development of a successful mixture comprised of kerosene and K CO solution is achieved. The
2

3

ionization of K CO dissolved in water will vary the hydrophilic-lipophilic balance (HLB) in the
2
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overall mixture. The HLB is an indicator of the surfactant being attracted to water or oil in the
mixture. HLB scales range from 0 to 20. Because the effect of K CO in an emulsion is not readily
2

3

known, the main focus of this study is developing a blend that remains coalesced for at least three
hours under normal conditions with the maximum possible concentration of K CO . The emulsion
2

3

will be used as a fuel source in the oxy-fuel combustor in a magnetohydrodynamic power
generator. Higher conductivity levels are realized by the addition of seed through the fuel source
as an emulsion. Having K CO dissolved in the water is desired as it is not soluble in kerosene and
2

3

has low solubility in methane in comparison to water.
Physical fluid properties with varying concentrations of K CO such as density, viscosity, and
2

3,

surface tension are experimentally measured and input into a computational model. The
computational model predicts the droplet sizes of the emulsion in a coaxial flow. Sauter Mean
Diameter (SMD) is used to quantify droplet characteristics between varying fuels. Comparisons
are made between the new mixtures and standard kerosene. It is desired to maintain droplet sizes

vii

as close to kerosene as possible while maintaining a high concentration of K CO . This study is a
2

3

collaboration between the Magnetohydrodynamics Lab at the National Energy Technology
Laboratory, Albany, OR, and UTEP.
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Chapter 1: Introduction and Background
1.1

OVERVIEW
The demand for electricity is continuously increasing, inciting researchers and scientists to

develop new forms of power generation and develop methods to increase efficiencies of power
generation methods already in use. With current processes having an effect on greenhouse gasses
there is a large drive for these novel methods to be defined as clean energy by having as little
pollution output as possible.
One form of power generation that meets this criterion is that of a magnetohydrodynamic
(MHD) power generator. MHD is the study of the interaction of a conducting fluid in the presence
of a magnetic field. The concept can be applied to power generation for direct power extraction,
converting thermal and chemical energy directly into electrical energy. By removing the
mechanical energy step, as used in turbines, MHD can exceed limits in temperature and improve
the efficiency of current power generation processes. The overall efficiency of an MHD power
generator can be further increased by adding alkali elements, also known as the “seed” into the
combustor to burn a more conductive plume. The process of injecting the seed into the plasma has
been done in various ways. Most recently, a powder feeding process into the combustion channel
has been tested. The results of this work showed that not all the powder being fed was being
absorbed into the plume. A novel method to inject the K CO into the stream is to create an
2
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emulsion consisting of kerosene and an aqueous form K CO that is then injected into the
2

3

combustor. This method will have the highest concentration of K CO absorbed, as the aqueous
2

form goes through the combustion process alongside the fuel.

1
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This chapter provides a general overview of MHD power generators and emulsions, as
used in this study. A summary of the literature pertaining to the current investigation, statement of
the problem, and the significance of the project are also included.

1.2

Magnetohydrodynamics
Magnetohydrodynamics (MHD) is the study of conducting fluid flowing through a magnetic

field [1]. The concept of MHD can be applied to power generation for direct power extraction,
converting thermal energy into electrical energy based on Faraday’s Law of electromagnetic
induction. MHD power generation is applicable in a variety of settings, including nuclear,
chemical, combustion reactions, and concentrated solar because it can be used with any hightemperature heat source.
The process of magnetohydrodynamic power generation is classified depending on the
working environment, being an open- or closed-cycle. It is further categorized by the design of the
power generator that is implemented into the set-up [2]. Conductive fluids include conducting gas,
known as plasma, and conducting liquids. Furthermore, liquid metals can be utilized in a closedcycle operation. An injection of an ionizing seed is commonly seen in an MHD process to increase
the conductive properties of the fluid.
An open-cycle MHD system operates in a similar manner as a turbogenerator in that they
function as a heat engine with a gas expansion from high to low pressure, as shown in Figure 1. A
turbogenerator system depends on the gas interaction with blades in the turbine to drive the electric
generator, whereas, in the MHD system, an electric current is induced by a magnetic field, and the
conductive energy of the plasma is directly converted to electrical energy.

2

By removing the need for a mechanical conversion of energy, the upper-temperature limit in
an MHD process is considerably higher than that of a mechanically driven turbine. Calculating the
maximum theoretical efficiency by approximating through the Carnot cycle, the theoretical
efficiency of an MHD system is superior to the turbine counterpart. When inefficiencies introduced
by finite heat transfer rates and component inefficiencies in real heat engines are accounted for,
the potential efficiency of MHD power generation is in a range of 60 to 65% [3]. The use of MHD
for large-scale power generation is based on its use in coal-fired power plants, where the current
efficiency is only around 40%. The graphs in Figure 2, presented by NETL-Albany [4], show the
limiting temperature of an open-cycle MHD is much higher than that of its counterparts. The upper
limit temperature is shown by downward pointing arrows for the turbogenerators and for a closedcycle MHD. However, an open-cycle MHD does not have an upper limit operating temperature,
this is shown by the upward arrow.

(a)

(b)

Figure 1 A general comparison of a turbogenerator (a) and MHD power generator (b).
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Figure 2 Comparison of MHD and Turbogenerator technology presented by NETL-DOE-Albany
[4]

1.2.3. Plasma
Plasma is defined as an ionized gas, i.e., a gas that includes freely moving ions and
electrons. This physical attribute distinguishes plasma from solids, gases, and liquids, classifying
plasma as a “fourth state of matter.” Plasma can naturally be found throughout the universe, most
often in stars; however, an artificially generated plasma is seen in a conventional open-cycle MHD
power generation setting.
This state of matter is produced by heating gas to the point where thermal energy excites
electrons, breaking free from the orbit of the atom. When valence electrons move to a higher orbit
and eventually fly off, they become free electrons creating a conductive gas generating two
charges, the negatively charged free electron, and the positively charged ion. The plasma will have
4

a conductivity level of use until it is subjected to a magnetic field. A higher conductivity is
generated as the electrons and protons separate through the magnetic field. The energy potential
from the plasma decreases as temperature and electrical conductivity decrease.
The temperatures natural gas and the combustion products from coal require to reach
ionization potential are not easily attainable through combustion. Combustion products, CO and
2

H O, have very high ionization energies, which means it is difficult to free electrons from these
2

molecules. As mentioned above, this problem is solved with the injection of a “seed.” The seed
material is an alkali metal, most commonly cesium (Cs) or potassium (K) with a 1-2% mass
fraction of seed to fuel. With the injection of the seed, the electrical conductivity of 10 S/m can be
realized at 2200 K. Only 1 wt% of the seed is required to achieve a conductivity of 90% of the
theoretical maximum, as shown in Figure 3 [5]. However, oxides and hydroxides of the seeded
material in the ionized gas are hazardous to the environment because of their corrosive nature, and
therefore they must be captured.

Figure 3 Gas conductivity vs. ionization [5].

5

1.2.1. The Faraday and Hall Effects
To better understand the need for different generators, the Faraday and Hall effects should
be first detailed. A simple schematic of a singular electron path is shown in Figure 4. Electrons
and the bulk fluid flow at some velocity in the x-direction, shown by the green arrow. In the
presence of a magnetic field flowing along the y-axis, an electron will move in an arc-like shape
encompassing the magnetic field [6]. In Figure 4, components E’ and E’’ depict the possible
courses of the electron over the same period of time where electron E’ is flowing with the plasma,
and electron E’’ is under the presence of the magnetic field, component A. The electron separation
from the bulk of the fluid creates a voltage in the z-direction, being the general principle for the
Faraday effect. However, this phenomenon does not consider the displacement in the x-direction.
The bulk of the gas remains flowing at the initial velocity, but the electron fails to travel
with the same linear velocity in the magnetic path. This “fallback” action results in a voltage in
the negative x-direction, described by the Hall effect. The resultant current flows along path 𝐼⃗,
causing the effective power to go down when flowing through a simple Faraday generator in Figure
5. The alignment of the current and voltage will limit the amount of the reduction in power, thus
the varying generator designs.

6

(a)

(b)

Figure 4 a) A schematic of an electron flowing in the presence of a magnetic field.
b) Schematic of electron paths with resulting currents.

Figure 5 Simplified schematic of an MHD Faraday generator.
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1.2.2. Energy Conversion Process in an MHD Generator
The energy conversion process of a magnetohydrodynamic power generator is a
combination of fluid dynamics, heat transfer, and electrodynamics. A conductive fluid flows
through a channel depending on the type of cycle and generator detailed in Section 2, beginning
with the conversion of fuel into plasma when heated to temperatures exceeding 2000 K. Electrons
and ions in the plasma can move freely. Under the influence of a magnetic field, the electrons and
ions generate an electric current in the working fluid. The electrons and cations freely moving are
then attracted to a cathode and anode, respectively, ultimately generating a voltage.
In an open-cycle MHD power generator, most studied, combustion of natural gas or coal
produces the ionized gas at temperatures of or above 2000 K. The gas is injected with an alkali
metal (the seed) before flowing through an MHD channel. Under the influence of the perpendicular
magnetic field, electrons change course, acceleration, and angular velocity based on their location
in the magnetic field resulting from the Faraday effect. As the electrons move closer to the
electrodes, they have a magnitude not only in the x-direction but also in the z-direction (the Hall
effect, see Section 1.2.1), perpendicular to fluid flow and magnetic field, but also parallel to the
fluid flow. This phenomenon causes a decrease in the velocity of the electrons, thus decreasing the
energy generated from the plasma. The conductivity level in the plasma will decrease in a similar
manner as in a decrease in temperature of the plasma [7]. Current is finally produced when the
cations and electrons reach the cathodes and anodes, respectively and continue flowing through
the MHD chamber. The path of the electrons to the electrodes is dependent on the type of MHD
generator.

8

1.2.4. Applications of MHD
Limitations in materials, economics, and feasibility have prevented industrial applications in
the past. The advantages, however, are still favorable, and the advancements in magnetic, materials
and engineering development show promise in the realization of an efficient MHD power
generator. Furthermore, other high-temperature applications have introduced new applications of
MHD, like aerospace and nuclear power.
Rocket generators have been proposed, adding an MHD generator to the combustion chamber
of a rocket engine. A prediction of potential electric output for rocket engines with MHD
generation is presented in Table 1 [8]. The type of rocket engine for these high-power generators
will primarily depend on the amount of time desired to run. Rocket generators are particularly
useful for applications in emergency and peaking power, power supplies for wind tunnels, and
power for advanced weapons. Equation 1 describes the gross power output of a rocket generator
of exhaust gas used to calculate the values in Table 1
/0

𝑊$ = ' 𝐶) 𝑑𝑇 − 𝑄.

(1)

/1

where 𝑇2 is the initial stagnation temperature, 𝑇3 is the final stagnation temperature, 𝑄. is the heat
loss to the walls, and 𝐶) is the specific heat.

9

Table 1 Output of a Rocket Generator Using Rocket Systems [9]

The high-temperature capacity available in an MHD generator makes it an attractive form of
power generation for aerospace applications. Studies have been done in MHD power generation
implemented as a power source in hypersonic flight [10]. Plasma created experimentally at Mach
3.5 airflow producing a steady and continuous airflow shows possible opportunities for this form
of power generation at these speeds. A modeling study done by the University of Minnesota has
also shown the possibility of MHD power generation onboard reentry vehicles to “extract
substantial amounts electric power, from several hundred kilowatts to a few megawatts” [11].
The ability of an MHD generator burning coal to produce electric power at low cost and high
efficiency makes it an impressive form of power generation from an environmental standpoint.
According to Rosa et al. [9], steam plants alone have efficiencies at approximately 40%, but an
open-cycle MHD generator can be added as a topping cycle to increase steam plant efficiencies to
50 − 60%. A diagram of this system is shown in Figure 6. Conditions for oil- and coal-fired plants
include temperatures in a range of 2700 to 2900 K with an average pressure ratio of 10. The fluid
then goes through a small area of cooling to 1400 K with the consideration of the maximum
operating temperature of the turbogenerator.

10

Figure 6 Schematic of s coal-fired MHD-steam power plant with the injection of a potassium
seed from Kessler [12].
The use of coal combustion as a source of thermal energy is advantageous because it contains
less hydrogen in comparison to natural gas, and thus electrons are allowed to move freely. The
resulting slag shows promising effects under magnetohydrodynamic conditions. The coal slag
produced under these conditions is molten and provides a layer of electrical conductivity, creating
a connection between the flowing gas and electrodes. Although the slag is beneficial in some
aspects, it creates oxidation along the walls of the MHD channel and on the electrodes themselves
and creates thermal losses. As there are pros and cons to the slag, ultimately, the cost to replace
the components with corrosion makes it undesired. Currently, there are limited material selections
for this process, proving a need for advancements in corrosion-resistant, conducting, and insulating
materials. From literature, an MHD plant with an efficiency of 55% produces only half as much
thermal waste as a coal-fired power plant where the loss in thermal energy is going into power
generation instead of cooling the gases [12]. The thermal waste generated from a steam plant can
11

be converted to power with the addition of an MHD topping cycle, as it operates at full combustion
temperature.
The operating temperature of an open-cycle process for natural gas combustion is lower,
around 1900 K. Higher temperatures are desired as the general efficiency of the MHD portion is
dependent on the quality of the plasma that is dependent on the high temperatures. These lower
temperatures are acceptable given the advantage of carbon capture after natural gas combustion,
resulting from the purity of combustion products.
1.2.5. Advantages and Limitations of MHD
A significant advantage of an MHD power generator is that it does not require the moving
components used in turbo generators, which experience both thermal and mechanical stresses.
Turbines are not able to withstand the temperatures that an MHD generator can. An MHD power
generator can perform the function of both a turbine and generator and is well suited for the
production of large amounts of power. Also, as there is no limitation to the size of the duct, high
capacity generators can be employed. Although the highly developed steam cycle only uses a small
fraction of the temperature available from fossil fuels, significantly higher efficiency could be
achieved with an MHD topping cycle.
While there are many advantages to an MHD generator, it also has various limitations. A
crucial factor preventing the development of MHD is the available material selection for the
combustor, MHD duct, electrodes, and air preheaters. Although it is possible to design a
functioning generator with materials available, the combustion gases are incredibly corrosive,
drastically decreasing the lifetime of these components. The power output, directly depending on
the magnetic field, prompts the electromagnets to require large amounts of energy to create the
12

magnetic fields. To defer this, superconducting materials that need very little power even at
ambient temperatures need to be further developed [12], [13]. Criticism of power requirements for
the generation of the magnetic field has been addressed with the development of superconducting
magnets.
1.3

Emulsions
By creating an emulsion, a dissolved K CO seed can be injected into a combustor. Having
2

3

the mixture go through the combustion process will ensure the seed is fully absorbed into the
plume. Kerosene is chosen as the oil phase in the emulsion as it is what the oxy-fuel combustor in
the MHD power generator that this will be applied in currently operates on. In a similar manner,
K CO is used as the seed in this laboratory.
2

3

The combination of immiscible liquids, such as oil and water, can be done through the
process of creating an emulsion. An emulsion exists in a metastable state [14]. The barrier between
the two phases is mediated by a surfactant, but the mixture is overall thermodynamically unstable,
causing emulsions to have varying lifespans. The surfactant acts as a mediator between the two
fluids by decreasing the interfacial surface tension between the two components [15].

1.3.1 Emulsion Classification
Emulsions are characterized by dispersed and continuous phases. Oil-in-water (O/W) and
water-in-oil (W/O) are the umbrella categories for emulsions [16]. As the names would suggest,
an O/W emulsion describes an emulsion that has the oil droplets be dispersed in water; whereas, a
W/O emulsion has water droplets dispersed in a continuous phase of oil. The resulting type of

13

emulsion depends on the type of surfactant that is used, either hydrophilic or hydrophobic [17].
Hydrophilic surfactant bonds to the oil molecules and is attracted to the water molecules in a W/O
emulsion. Whereas, in an O/W emulsion, a hydrophobic surfactant repels the water molecules.
The type of emulsion is best visualized under a microscope. Many studies have reported
on the methodology in determining the classification of the emulsion [14]. While viewing a sample
of the mixture under the microscope, the mixture is diluted with either the oil or water to match
the continuous phase. The use of food coloring drops has also been used to determine the
continuous phase of the blend [18]. The way the color drops disperse in a completed emulsion
will help determine the W/O or O/W state. As the color drops are water-based, they will remain as
drops when added to a continuous phase of oil (W/O). In an O/W mix, the droplet will dissipate
into the continuous phase. From literature [14], the main visual characteristics of a stable emulsion
were determined to be white with a milk-like consistency, without any visible oil residue when a
glass was dipped into the emulsion. For this study the desired result is a stable emulsion with the
highest concentration of K CO while having droplet sizes similar to kerosene.
2

3

1.3.2 Variables in a Stable Emulsion
Each component in an emulsion has an immense impact on the stability and quality of the
emulsion. The process that it was created also affects the survivability of the emulsion. The wt.%
of the continuous and dispersed phases will affect the amount of surfactant and the hydrophiliclipophilic balance (HLB) that will be used in the mixture [19]. For example, a blend that has a ratio
of 80:20 wt.% oil to water will be stable as a W/O emulsion, where a 20:80 wt.% mixture will be
stable as an O/W emulsion. As previously mentioned, the type of surfactant used is based on an
HLB factor. The surfactants commonly used in kerosene emulsions are a mixture of Span-80 and
14

Tween-80. A widely accepted calculation to determine this factor was developed by Griffin based
on the ratio of the molecular weight of the particle that is water-soluble to the weight of the
molecule that is soluble in oil [20], [21]. The surfactant used in the mix should be based on the
required HLB of the oil in the mix. This optimal value will be the surfactant that will provide the
lowest interfacial tension between the two phases.
The droplet size of the suspended particle will have the highest value in determining the
stability of the emulsion. The volume of this droplet will have an effect on the ability of the
surfactant bonding to decrease the surface tension. As the size of the droplets increases, as does
the surface area that the surfactant has to cover. The droplet size is directly correlated to the shear
rate the emulsion is mixed at. A high shear rate is needed in order for the droplet size of the
dispersed phase to break down to a size that the surfactant can be fully utilized. Analyses have
been done in the determination of the size these droplets should be.
The amount of time since the blend was crested will have a substantial effect on the quality.
Due to the immiscibility nature of oils and water, an emulsion is only a temporary mixture. As
time increases, there will be a clear phase separation as each phase coalesces. The previously
mentioned variables will play a role in this final variable.
1.4

Sprays
The atomization of the emulsion is a critical consideration when studying combustion. The

fluid properties that affect the breakup of the fluid are density, viscosity, and surface tension.
Because these parameters vary for each fluid, the droplet size for varying fluids in a spray will
differ. In this study, the physical properties of the fluid, the emulsion, are experimentally measured
and input into a computational model to predict the breakup of each fluid compared to kerosene15

based on experimental results in the literature [22]. The Sauter Mean Diameter (SMD, D32)
measure is taken as the SMD of the droplet is widely used in combustion models. It is a ratio
proportional to the ratio of the volume and surface area of a liquid droplet [23]. A simple coaxial
flow is modeled to keep the computational time low for the CFD. The spray patterns predicted will
be reported to NETL to be implemented in their oxy-fuel combustor in their MHD set-up.

1.5

Objective and Tasks
The goal of this project is to create an emulsion with the highest wt.% of K CO mixed with
2

3

kerosene using surfactants. A computational model of the atomization of the experimental
mixtures, kerosene, and water through a coaxial flow to predict droplet size is also developed. The
results from the computational model are compared to droplet size experimentally determined in
literature [22]. For this study, a stable emulsion is defined as one that will not have phase separation
for a minimum of three hours. A flowchart of the methodology of this thesis is presented in Figure
7.
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Figure 7 Methodology of Thesis
1.6

Practical Relevance
The primary motivation for this research is to improve the method of seed injection for

MHD power generators. An injection of seed into an MHD power generator is an essential
component for the ability to realize levels of conductivity in the plume at temperatures from the
combustion process.
A powder feeding system was implemented into the oxy-fuel combustor in the MHD at
NETL-Albany. This method of seed injection has proved limited results due to issues during
powder feeding because the injected K CO is not fully disbursed into the plume. With this method
2

3

of seed injection, there is not enough energy in the plume to ionize the powder seed. Problems
with this method also include the buildup of powder caused by air moisture when the K CO is not
2

3

in use. In an attempt to mitigate this difficulty, powder K CO was placed in a humidity control
2

3

environment to prevent this buildup but resulted in similar results. Due to these issues, powder
feeding does not increase the ionization level to the desired level. By developing a technique of
17

injecting an aqueous form of potassium carbonate into the combustor, more of the ionization
potential will be realized while circumventing the drawbacks of powder feeding. Water was chosen
as a solvent for the high solubility levels of K CO . Seidell et al. reports that K CO has a solubility
1

2

2

3

of 95.9 g per 100 g of H O. It is also reported to have only a 2.5g solubility in Ethyl alcohol and
2

4.3 g solubility in 100 g of an aq. propyl alcohol [24]. The study of the spray pattern of the
emulsion is also desired to ensure similar combustion results.
With each emulsion the fluid physical properties change, thus each have an individual
spray pattern that can be predicted. A comparison of the emulsion spray against that of kerosene
can help determine the emulsion with the best combustion qualities through modeling. The
development of seed injection and its spray model motivates the need for this research.
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Chapter 2: Methodology
This chapter presents the experimental portion of the project. This includes the set-up,
overview of the testing materials, and testing matrices used to develop the emulsion.

2.1.

Experimental Set-up
In order to establish the RPM required for a stable emulsion, the use of an overhead mixer

with RPM control is employed with a range of 0 to 3000 RPM. Another separate high-speed
blender is used to reach an RPM of 30000 in the second set-up. A high precision scale is used to
measure each component accurately. A combination of a burette and high precision scale were
used to determine the surface tension of each fluid, Section 2.5.1 and is shown in Figure 8.

Figure 8 Set-up of the overhead mixer and surface tension measurement.
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2.2.

Materials
The surfactants chosen for the emulsions created are Span-80 (sorbitan monooleate) a non-

ionic surfactant with an HLB of 4.3. Likewise, Tween-80 (polyoxyethylene sorbitan monooleate,
Polysorbate-80) with an HLB factor of 15. Kerosene is also used to mix with the surfactants. The
type of Kerosene used in this study is Crown – 1K Fuel Grade. The quality of the anhydrous K CO
2

3

used is ≥99%. Table 2 and Table 3 catalogue all the instrumentation and materials that were used
in the experimental portion of this thesis respectively.

Table 2 Instrumentation used for the current study
Key Parts and
Instrumentation
Electric Stirrer with Stir Bar
Precise Overhead Mixer,

Specifications
0-3000 RPM Speed
Adjustable, 100 W

Frother
High-Speed Professional
Blender
Food Digital Kitchen Scale
Acrylic Burette with Stopcock
Cannon-Fenske Routine
Viscometer, Universal Size 50
Zahn Cup Sizes #1-4

Manufacturer/ Part
Number
Beamnova/ BI0B01M804
Bodum/ d3043-16

2000 W/ Max 30,000 RPM

Homgeek/ H24956

Increments: 1 g
Weight Capacity 5000 g

Etekcity/ B0113UZJE2

50 mL Capacity, 0.1 mL
graduation
Accuracy: ±0.2%
Viscosity Range: 0.8 cSt to

Eisco/ 0849230016586

Cole- Palmer/ 721-B53

4 cSt
Viscosity Minimum: 5 cSt
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Baoshishan/ Fba-17

Table 3 Material List Used for The Current Study
Material

Vendor

K CO Anhydrous, Free-Flowing, Redi-Dri ,
2

™

3

Sigma Aldrich

ACS Reagent, ≥99%

Mystic Moments Item Model

Tween- 80

Number: RMPOLY80100

Span-80

Sigma-Aldrich

Deionized Water - 1 Gallon Certified

ERS

Laboratory Grade - ATSM Type II
1-K Fuel Grade Kerosene

2.3.

Crown

Safety Considerations
Personal Protective Equipment (PPE) is used at all times in the laboratory setting, including

the following phases of the experiments: test set-up buildup, hardware installation, and general test
operations. Required PPE is listed in Table 4.
Table 4 PPE list
Eyes
Gloves

Safety glasses shall be worn at all times when inside the lab
Nitrile gloves shall be worn when the when handling any material, and when
handling anything that may contain traces of kerosene
A flame retardant lab coat shall be worn at all times, especially when near an

Body

open container of kerosene, and when handling anything that may contain
traces of kerosene

2.4.

Test Matrix
This section describes the test matrix. The overall goal for this matrix, shown below, is the

data organization for each mixture. In practice, it was found that to measure the physical properties
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for every mixture at the planned intervals due to the time-consuming nature of each step. The
physical properties were taken only for emulsions that were considered stable.
Table 5 Test Matrix to Observe the Physical Properties of Each Emulsion
Time

Surface
Tension

Viscosity

Droplet
Size

Immediately after creating the
emulsion
1 hr after
2 hr after
3 hrs after
4 hrs after
An 80:20 ratio of kerosene to water is used for all the emulsions to reduce the number of
variables as it was reported in Ref. [19]. The HLB levels for HLB A and HLB B were taken from
published literature [19]. This article did not study the effect of the addition K CO on the emulsion.
2

3

Table 6 details the concentrations used to test the effect of K CO at varying HLB factors. 0, 6, and
2

3

12g of K CO are tested against four HLB levels.
2

3

Table 6 Test Matrix for Varying Mixtures
Kerosene
(g)
48 g

Water
(g)
12 g

K CO (g)
2

3

0g
6g
12 g

2.5.

Span-80 Only

HLB A

HLB B

Tween-80 Only

------- HLB of Surfactant/ Surfactant Mix ------4.3
6.4
13.9
15
4.3
6.4
13.9
15
4.3
6.4
13.9
15

Experimental Fluid Physical Properties
Physical fluid properties of the emulsions were taken and then input to the corresponding

computational models of the emulsion spray. ANSYS Fluent was used to simulate the spray
pattern. Physical properties measured include density, viscosity, and surface tension.
22

2.5.1.

Fluid Physical Properties
A Cannon-Fenske Routine Viscometer was used to measure the dynamic viscosity of each

emulsion. This method was chosen due to its ease of operation and high accuracy, as low as 2%
relative error. A Zahn cup was used to measure the viscosity of the more viscous fluids because
the Canon-Fenske size 50 is limited to 4 cSt. With the use of a high precision scale, the density
and surface tension were measured based on published procedures [25].
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Chapter 3: Computational Model
3.1

Introduction
This chapter will describe the computational domain used to simulate the breakup of the

experimental work through an atomizer. ANSYS Workbench R2 is used to create and simulate the
computational domain. A 3-Dimensional model is used to measure the Sauter Mean Diameter
(SMD, D32) of the breakup. Measurements are taken at 10 mm from the point of injection, and a
radial location of 5 mm from the centerline axis. The cell zone fluid is isothermal air at 300 K. The
fuel velocity was 1.4 m/s for every simulation, while the air injection velocity varied from 140 m/s
to 230 m/s depending on the case. The boundary conditions for the control volume is adiabatic air
at normal conditions. Velocity inlet boundary conditions were specified for both the air and fuel
inlets. Although the model is steady state, Discrete Phase Modeling allows for the tracking and
modeling of droplets in a transient state. Literature was used to validate the atomization pattern for
water and kerosene. Physical fluid properties gathered experimentally are then implemented into
the model.
3.2.

Geometry
The geometry was created based on the experimental set-up of a coaxial nozzle in

literature [22]. Figure 9a shows the schematic diagram of the volume simulated, Figure 9b displays
a 3-Dimensional view of the model. The geometry of the system is created using ANSYS 2019 R2
Workbench Geometry toolbox.
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(a)

(b)

Figure 9 a) Schematic diagram of the volume simulated, b) 3-Dimensional view of the model.

3.3.

Boundary Conditions

Both the air and fuel inlets were considered velocity inlets. All velocities used for this
study are the same as those found in [22] This was done in order verify the computational model
results. The geometry the fuel is injected at a rate of 1.4 m/s for all cases, and the air velocity
varied from 140 m/s to 230 m/s. The outlet and surrounding domain were considered outflow
boundaries in order to not influence the positioning of the droplets. The boundary conditions
detailed in Table 9 are used to solve transport equations for the continuous phase in a steady
state. Discrete Phase BC Type setting will appear when a Discrete Phase Model is chosen. This
model is explained in Section 3.4.

25

Table 1Table 10 lists the material properties that are used in the available material database within
Fluent.
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3.3.1.

Mass and Momentum Equations
Reynolds-Averaged Navier-Stokes (RANS) equations are used to solve continuity and

momentum Equations by taking a time average and they can be written in Cartesian tensor form
as [31]:
∂𝜌
∂
+
(𝜌𝑢2 ) = 0
∂𝑡 ∂𝑥2

(2)

∂
∂
∂𝑝
∂
∂𝑢2 ∂𝑢= 2
∂𝑢D
∂
~
(𝜌𝑢2 ) +
(𝜌𝑢2 𝑢= ) = −
+
[𝜇(
+
− 𝛿2=
)] +
(−𝜌𝑢2F 𝑢= )
∂𝑡
∂𝑥2
∂𝑥2 ∂𝑥2
∂𝑥= ∂𝑥2 3
∂𝑥D
∂𝑥=

(3)

Table 7 Mass and Momentum Governing Equation Variables
Symbol
r
t
x, x, x
~
𝑢2F , 𝑢′=
𝑢2 , 𝑢=
𝛿2=
i

3.3.1.

j

I

Definition
Density
Time
Position on i, j, I
Velocity Fluctuations on i, j
Average Velocity on i, j

Units
kg/m
s
m
m/s
m/s
3

k-e Equations

Fluent software package was used for solving of the initial turbulent flow field by applying
a realizable k-e model was applied to model the transport equations. The term “realizable” means
that the model satisfies certain mathematical constraints on the Reynolds stresses, consistent with
the physics of turbulent flows. The transport equation is expressed in Equations (4) and (5).
∂
∂
∂
𝜇K ∂𝑘
(𝜌𝑘) +
(𝜌𝑘𝑢= ) =
[(𝜇 + )
] + 𝐺M + 𝐺O − 𝜌𝜀 − 𝑌R + 𝑆M
∂𝑡
∂𝑥=
∂𝑥=
𝜎M ∂𝑥=
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(4)

∂
∂
∂
𝜇K ∂𝜀
𝜀\
𝜀
(𝜌𝜀 ) +
T𝜌𝜀𝑢= U =
VW𝜇 + Y
Z + 𝜌𝐶[ 𝑆𝜀 − 𝜌𝐶\
+ 𝐶[X 𝐶_X 𝐺O + 𝑆X
∂𝑡
∂𝑥=
∂𝑥=
𝜎X ∂𝑥=
𝑘
𝑘 + √𝑣𝜀

(5)

Where
𝐶[ = 𝑚𝑎𝑥[0.43,

𝜂
𝑘
], 𝜂 = 𝑆 , 𝑆 = f2𝑆2= 𝑆2=
𝜂+5
𝜀

(6)

The turbulent viscosity 𝜇𝑡 , is computed by combining 𝑘 and 𝜀 as follows:
𝑘\
𝜇K = 𝜌𝐶g
𝜀

(7)

Table 8 k-ε Governing Equation Variables
𝐒𝐲𝐦𝐛𝐨𝐥
K
U
Y
𝜀
C
i

M

p

µ

𝜇K
s , se
G,G
k

b,

k

S , Se
C e, C e, C e, Cµ
k

1

2

3

Description
Turbulent kinetic energy
Velocity
Overall dissipation rate
Dissipation rate
Specific Heat
Dynamic Viscosity
Turbulent Viscosity
Turbulent Prandtl Numbers for 𝑘, 𝜀
Kinetic energy generation due to buoyancy,
velocity
User-Defined Source Terms
Constant
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Units
m /s
m/s
m /s
m /s
J/kg*K
g/cm*s
m /s
2

2

2

3

2

3

2

Table 9 Boundary Conditions
Outflow Boundaries
Outflow
Inlet
Velocity Inlet
Velocity Specification Method

Magnitude, Normal to Boundary

Reference Frame

Absolute

Velocity Magnitude (m/s)

1.4

For Fuel: All Cases

Case A: 140
Case B: 170

For Air

Case C: 200
Case D: 230
Temperature (K)

300

DPM

Escape
Symmetry

Axis

Table 10 Material Properties in Fluent Material Database

Density

(kg/m )

Viscosity

(kg/m*s)

Surface Tension

2

(N/m)

Kerosene

Water

780

998.2

0.0024

0.001003

0.0263257

0.0719404
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3.4.

Discrete Phase Modeling Discrete Phase Modeling
ANSYS Fluent has the capability of solving transport equations for the continuous phase,

alongside a discrete second phase in a Lagrangian reference frame. This is done through discrete
phase modeling (DPM). In this model, DPM, the second phase droplets are represented by
spherical particles that are dispersed in a continuous phase, and is particularly attractive for its
ability to model droplet breakup and coalescence. Heat and mass transfer to and from the injected
particle can be calculated along with their trajectories. This model is used to predict the droplet
breakup of the spray model of the coaxial spray by enabling the breakup, and by tracking the
children particles.
The injection type is chosen based on the type of the desired atomization. For a simple
coaxial flow, a surface injection at the face of fuel inlet. Because this model does not involve any
heat transfer, particles are chosen to be an inert droplet where only mass transfer laws are applied.
Dynamic drag parameters will calculate the droplets in a dynamic motion. This means that droplets
will be calculated as spheres and elliptical shapes depending on the surface drag of the particle for
each time step.
The type of breakup models chosen are also dependent on the form of the spray model, and
further by the Weber number of the flow. The Weber number is expressed in Eq. (8). A Taylor
Analogy Breakup model is chosen; this method is based upon Taylor’s analogy between an
oscillating and distorting droplet and a spring-mass system [26]. Table 13 details the input
conditions for this phase.
𝑊𝑒 =

𝜌o 𝑢\ 𝑟
𝜎
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(8)

Table 11 Weber Number Variables
Symbol
𝑊𝑒
𝜌o
𝑢

Description
Weber Number
density of the continuous phase
relative velocity between the droplet and the gas
phase
the undisturbed droplet radius

𝑟

Units
kg/m

3

m/s
m

3.4.1. Taylor Analogy Equations
The Taylor analogy breakup (TAB) model is used to calculate droplet breakup based on
Taylor’s analogy between an oscillating and distorting droplet and a spring mass system. The
equation governing a damped, forced oscillator is shown in Eq. (9).

𝐹 − 𝑘𝑥 − 𝑑

𝑑𝑥
𝑑\𝑥
=𝑚 \
𝑑𝑡
𝑑𝑡

(9)

where x is the displacement of the droplet equator from its spherical (undisturbed) position. The
coefficients of this equation are taken from Taylor’s analogy in Equations (10), (11), and (12).

𝜌o 𝑢\
𝐹
= 𝐶r
𝑚
𝜌s 𝑟

(10)

𝑘
𝜎
= 𝐶M
𝑚
𝜌s 𝑟 _

(11)

𝑑
𝜇s
= 𝐶t
𝑚
𝜌s 𝑟 \

(12)
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To model droplet breakup, the TAB model first determines the amplitude for an undamped
oscillation for each droplet at time step n in Equation (13) and (14).

𝐴 = v(𝑦 x − 𝑊𝑒y )\ + (

(𝑑𝑦/𝑑𝑡)x \
)
𝜔

𝑑𝑦 x|[ 𝑊𝑒y − 𝑦 x|[
1 𝑑𝑦 x 𝑦 x − 𝑊𝑒y
}(~K/K• )
( )
=
+ 𝜔𝑒
{ [W Y +
]cos (𝜔Δ𝑡) −
𝑑𝑡
𝑡t
𝜔 𝑑𝑡
𝑡t

(13)

(14)

(𝑦 x − 𝑊𝑒y )sin (𝜔Δ𝑡)}

Finally, the number of child droplets can be represented by
𝑁 x|[ = 𝑁 x (

𝑟x _
)
𝑟 x|[
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(15)

Table 12 TAB Governing Equation Variables
Symbol

Description

Units

F

Force

N/m

K

Mass transfer coefficient

m/s

x

Displacement of The Droplet Equator from Its
Spherical (Undisturbed) Position

m

d

Particle Diameter

m

m

Mass

g

𝐶r , 𝐶M , 𝐶Š
r, r
l

g

Constants
Discrete Phase and Continuous Phase Densities

u

Relative Velocity of The Droplet

r

Radius

s

Droplet Surface Tension

µ

Droplet Viscosity

We

kg/m

3

m/s
m
N/m
g/cm*s

Weber Number

w

Droplet Oscillation Frequency

y

Magnitude of The Droplet Distortion

N

Number of Child Droplets
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Hz

Table 13 Discrete Phase Model Boundary Settings in Fluent
Interaction
Interaction with Continuous

ON

Phase
DPM Interaction Interval

10

Unsteady Particle Tracking

ON

Particle time Step Size

0.0001

Number of Time Steps

10

Tracking
Max Number of Steps

1000

Step Length Factor

5
Physical Models

Breakup

ON

Consider Children in the Same

ON

Tracking Step
Injection Properties
Injection Type

Surface (Fuel Inlet)

Particle Type

Inert

Material

Case I

Kerosene from Fluent Material
Database

Case II

Liquid H2O from Fluent
Material Database

Diameter Distribution

Case III

Emulsion 16% K CO to H O

Case IV

Emulsion 33% K CO to H O

Case V

Emulsion 50% K CO to H O

Uniform
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2

2

2

3

3

3

2

2

2

Table 14 Discrete Phase Model Boundary Settings in Fluent Cont.
Point Properties
Diameter (m)

0.0039

Temperature (K)

300

Start Time (s)

0

Stop Time (s)

300

Velocity Magnitude (m/s)

1.4

Total Flow Rate (kg/s)

0.0167

Scale Flow Rate by Area

ON

Inject Using Face Normal

ON

Direction
Physical Models
Dynamic Law

Dynamic Drag
Breakup

Enable Breakup

ON, y0 = 0, Breakup Parcels = 2
Outflow BC

Discrete Phase BC Type

3.5.

Escape

Mesh
A dimensional drawing of the overall area studied is shown in Figure 10. To utilize the

symmetry of the cylinder shape only a quarter of the area is modeled, and a schematic diagram of
the computational domain with boundary conditions can be seen in Figure 11. Boundary conditions
and dimensions are also given in this figure. The mesh was generated using ANSYS Workbench
2019 R2 meshing tool. An inflation was implemented along the edges of the mesh to refine the
size along the center axis. This is desired to better the spray modeling of the flow. 351586 nodes
and 341754 elements are used in this student version of ANSYS. The grid used is shown in
Figure 12.
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Figure 10 The geometry of the system

Figure 11 Schematic drawing of the computational domain *Not to scale
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(a)

(b)

(c)
Figure 12 Gird view (a) Isometric view (b) Front (c) Side
3.6.

Theory
Literature has presented derivations to estimate the D32 of the droplets [22]. Dependent on

the surface tension of the fluid, and velocities, Equation (16) estimates the Dominant Wavelength
defined as “wavelength of the instability mode showing the fastest growth.”

L =

3𝜋𝜎
𝜌o ∆𝑈 \

(16)

The D32 of the droplet, calculated in Equation (17), is at the interface of the surface of the spray
and the continuous fluid.
𝑑_\ (𝑆𝑀𝐷) = 3•4 Λ
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(17)

Table 15 Analytical Variables
Symbol

3.7

Description

Units

s

Droplet Surface Tension

N/m

Ρ

Density of The Continuous Phase

kg/m

g

3

Δu

Difference in Velocity Air and Fuel Velocities

m/s

Ʌ

Dominant Wavelength

m

D32

Sauter Mean Diameter

m

Varying Injection Fluid
The model is verified against literature and theory. Therefore, when the physical properties

of the injection are changed the droplet sizes along the interface of the spray and continuous fluid
will be accurate. The new injections will model the spray patterns and droplet breakup for selected
emulsions where their physical fluid properties were gathered experimentally.
Options given by ANSYS to modify and create an inert droplet to be used in the DPM
model include, density, viscosity, and surface tension, and specific heat. As previously mentioned,
density, viscosity, and surface tension are taken experimentally. The specific heat for that of
kerosene was used because it was not taken in the experimental process. This parameter will not
affect the results as no heat transfer is modeled to cause any droplet evaporation or combustion.
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Chapter 4: Results and Discussion
4.1 Emulsion:
4.1.1 Validation of the Experimental Set-up
Initial emulsions were created to validate against those values found in literature [19]. A
higher weight percent of kerosene in comparison to water was desired because of the final
application to be in the oxy-fuel combustor. An ideal state of the emulsion initially thought to be
a W/O for these reasons. Kloet et. at has detailed an 80:20 and a 20:80 ratio of kerosene to water
mixture determining the quality at different HLBs using Tween-80 and Span-80. A further
investigation was done to determine if the emulsion was O/W or W/O. A mixture of 80:20
kerosene to water mixed with an HLB of 6.4 was chosen as a base for this study.
Preliminary work is done with no addition of K CO to the emulsion and was mixed with a
2

3

store-bought frother modified on an RPM controller combined at a rate of 3000 RPM for 25
seconds. Table 16 shows the mass amount of each ingredient in the emulsion. Blue food coloring
was added to visualize when the separation of the emulsion occurs. The blue dye was mixed in at
a rate of 1000 RPM for 10 seconds so ensure the color was evenly dispersed into the water
particulates of the mixture. Results of the first trial are presented in Figure 13a immediately after
mixing and Figure 13b after 4 hours. The visible droplets of coloring sedimentation at the bottom
of the beaker in Figure 13a indicate that the RPM used to create this emulsion is not of adequate
speed to distribute the fluids into sufficiently sized droplets and results in separation of the fluids.
The visualization of the droplet sizes also explains the early separation of the mixture.
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Table 16 Amount of Each Component in the Emulsion
Ingredient
Kerosene

Amount (g)
46

HLB

Water

12

Tween-80

0.36

HLB 15

Span-80

1.44

HLB 4.3

Combined HLB: 6.4

(a)
(b)
Figure 13 Emulsion at low RPM (a) Immediately after mixing (b) Sedimentation of K2CO3 after 4
hours
The technique was replicated using a blender that has a rated maximum speed of
30,000 RPM, the higher RPM allows the droplets to break up into smaller sizes. At the higher
RPM, a stable emulsion was created, and after five hours, there was very little sedimentation of
the water particles, Figure 14. With these results, the emulsion reported in the literature was
replicated with a survivability of at least 5 hours [19]. The effect of the addition of K CO on the
2

emulsion was studied using the high-speed blender.
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3

Figure 14 Emulsion at high RPM after 5 hours with Little Sedimentation
4.1.2. Addition of K CO
2

3

A range of 2 to 12 g in increments of 2 g of K CO was added to the mixture presented in
2

3

Table 14. Images for the varying amounts of surfactant in the mixture (80% kerosene, 20% water)
is shown in Figure 15. Figure 14 shows that the K CO causes the surfactant mixture to separate
2

3

from the water and rise to the top.

Figure 15 Surfactant in water with 2 to 12 g of K CO
2
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Figure 16 a through f illustrate the emulsions with the addition of potassium carbonate. The
addition of coloring can determine the continuous phase of an emulsion. Since the coloring is water
soluble, then if the continuous phase is water, it will disperse, and will remain drops in a continuous
oil phase. The dispersion of the blue coloring suggests the addition of 2 and 4 g of K CO will have
2

3

a continuous phase of water. Whereas, 6 grams added has a continuous phase that is a mixture of
water and oil. The coloring in the addition of 8, 10 and 12 g K CO does not have any diffusion,
2

3

meaning the continuous phase is oil. The addition of the potassium carbonate causes the water
molecules not to be able to create a sufficient bond with the surfactant, and the supplement will
cause increased sedimentation, as shown in Figure 17. After four hours, only emulsions with up to
50% concentration K CO to water were considered stable.
2

3

(a)

(b)

(c)

I

(d)

(f)

Figure 16 Emulsions (80% kerosene and 20% water) with the addition of varying mass amounts
of K CO and drops of blue coloring(a) 2g (b) 4g(c) 6g (d) I(e) 10g (f)12g
2

3
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Figure 17 4g, 6g, and 12g K CO in the emulsion after 4 hours
2

3

The effect RPM has on the quality of the mixture with the addition of K CO is shown in
2

3

Figure 18. In Figure 18a, the mixture was created using a device setting at 3,000 RPM. The slight
yellow hue signifies that the components of the emulsion have not broken down into droplets of
adequate size. The same blend mixed at a rate of 30,000 RPM, shown in Figure 18b, has the desired
consistency in an emulsion and longer lifespan.

(a)
(b)
Figure 18 6g of K CO in an emulsion mixed at (a) 3000 RPM (b) at 30000 RPM
2

3

4.1.3 Varying HLB
The results of Section 4.1.2., show that the K CO concentration in a mixture has a possible
2

3

effect on the HLB. HLB levels of 4.3, 13.9, and 15 were tested to substantiate this theory. The
80:20 ratio of kerosene to water is implemented with varying concentrations of K CO at differing
2
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HLB levels. This relationship is detailed in Table 6 in Section 2. The results of this study showed
a stable emulsion is created with a higher HLB level with an increase of K CO depicted in Table
2

3

17. The cells filled in green have passed the requirements of time survivability with little to no air
entrainment.
Table 17 Results of varying HLB in 0, 6, and 12 g K CO
2

K CO
(g)
2

Span-80
Only

3

HLB
Literature

HLB
Above

3

Tween-80
Only

----- HLB of Surfactant/ Surfactant Mix ----4.3

6.4

13.9

15

0g

Y

Y

N

N

6g

N

Y

Y

N

12 g

N

N

N

Y

The emulsion with the highest possible concentration was 12 g added into a mixture with
an HLB level of 15. This mixture surpassed the requirement of 3-hour survivability and was
determined to be stable for this application. One can conclude from these results that the dissolved
potassium carbonate in water acts as a surfactant with a low HLB level. It is believed that an HLB
of higher level will allow for a higher concentration of K CO to remain stable for a longer duration
2

3

because of the effect the K CO has on the HLB.
2

3

Figure 19 and Figure 20 show the emulsions made with an HLB of 15, and shows the
quality of the emulsions after 3 hours. It is unknown why the blue dye turned red for 6g of K CO .
2
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Figure 19 Emulsion at HLB 15 with 0, 6, and 12 g K CO no time elapsed (not the marker on the
2

3

beaker)

Figure 20 Emulsion at HLB 15 with 0, 6, and 12 g K CO after 3-hours (not the marker on the
2

3

beaker)
4.1.4 Physical Properties
Physical properties of the final emulsion were taken to model the droplet sizes in a spray
model of these mixtures using ANSYS Fluent. The dynamic viscosity, density, and surface tension
were experimentally quantified for the surviving emulsions of the mixture with a HLB 6.4. The
results are shown in Figure 21 thru Figure 23. For the mixtures, the viscosity increases with an
increase in K CO . For these same mixtures the density decreases for increasing K CO . At 4 g, the
2

3

2

3

datum point could be an outlier with some error to the actual property. However, the increasing
45

trend is established. For each chart, at 0 g of K CO refers to the properties of kerosene as listed in
2

3

the ANSYS Fluent fluid database

Kinematic Viscosity

Kinematic Viscosity (cSt)
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1
0
0

10

20

30

40

50

60

Concentration of K2CO3 to Water (%)

Figure 21 Graph of Kinematic Viscosity against the addition of K CO
2

3

Surfce Tension

Surface Tension (mN/m)
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Figure 22 Graph Surface Tension against the addition of K CO
2
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Density
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Figure 23 Graph of Density against the addition of K CO
2

3

4.2. Computational Results
4.2.1. Methodology for Droplet Sizing
This model was verified by comparing the D32 droplet size against the published
experimental results in [22]. The literature specifies the location of the D32 measurements being
10 mm from the surface of injection, and at a radial location 5 mm from the centerline of the
atomizer. A plane was created at the specified axial location shown in Figure 24a, b to replicate
the droplet sizes accordingly, an annular face is created from that disk to encompass droplets at
the interface. Particle D32 sizes that are reported on this ring are averaged and compared to the
literature.
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(a)

(b)

(c)

Figure 24 Methodology in droplet sizing (a) Full Spray (b) Disk 10 mm from the injection
surface (c) Ring at the interface to the droplets and air
Table 18 andTable 19 detail the cases for each simulation.
Table 18 List of Cases Based on Spray Fluid
Case
Case I

Description
Kerosene from Fluent Material
Database

Case II

Liquid H2O from Fluent Material
Database

Case III

Emulsion 2g K CO

Case IV

Emulsion 4g K CO

Case V

Emulsion 6g K CO

2

2

2

3

3

3

Table 19 List of Cases Based on Air Injection Velocity
Case

Description

Case A

140 m/s

Case B

170 m/s

Case C

200 m/s

Case D

230 m/s
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Table 20 Physical Properties of the Experimental Emulsion
Kerosene

Emulsion 2g

Emulsion 4g

Emulsion 6g

K CO

K CO

K CO

2

Dynamic Viscosity
(kg/m*s)
Density
(kg/m^3)
Surface Tension
(mN/m)

3

2

3

2

3

0.0024

0.2886

0.3335

0.4142

780

839.2

833.8

828.4

26.325

25.762

25.762

28.794

4.2.2. Validation Results
Figure 25 shows the spray pattern with the boundary conditions detailed in Sections 3.3
and 3.4 for that of kerosene in Case AI. The area of breakup and coalescence is seen in Figure 25b,
where a cross-section of the model is depicted. Along the centerline axis of the spray, the spray
first shows a solid sheet indicated by red, then shows a section of droplet breakup, the droplets
begin to increase in size again downstream of the injector. The location where the droplets
coalesce, show that one droplet collides with another neighboring droplet and combine to form a
larger diameter. As the droplets approach the interface of the liquid and the air, they decrease in
size because the surrounding droplets become more dispersed [23]. This spray model also shows
a solid cone spray as the injection of the fluid is normal to the full face of the fluid injection in
Figure 25.
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(a)

(b)

Figure 25 Kerosene Injection Spray Case AI (a) Full Spray (b) Cross-Section of The Flow

Figure 26 presents the average of all the D32 sizes taken at 10 mm from the surface of the
injection and along the spray/ air interface from the Fluent model and is compared to Eq. (17) For
various inlet air velocities. Each point details a D32 with a different air inlet velocity, showing
little error, especially at 170 and 230 m/s. It also follows a trendline comparable to that of Eq. (17).
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Kerosene Calculated vs CFD
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Figure 26 Calculated versus CFD Results of Droplet size for Kerosene, Cases AI, BI, CI, DI
The published data [22] is presented in Figure 27 for Kerosene. The calculated SMD from
Equation (17) is on the x-axis and the SMD that was gathered experimentally is along the y-axis.
The data points were replicated and are presented along with the results of the CFD in Figure 28.
These data points show promising results for the computational model as they closely align with
the experimental data within 10.4% difference.
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Measured SMD, µm
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Figure 27 Comparison between predicted SMD and experimental values. For each fluid, each
point corresponds to a different air velocity [22]
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Figure 28 Comparison between predicted SMD, experimental values from literature, and
kerosene CFD results. Cases AI, BI, CI, DI
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Similarly, Figure 29 and Figure 30 depict the D32 sizes for an injection of water. The
results of the injection of kerosene and water being within 10.4% as that presented in the
publication validated this model [22]. The results of the CFD vary from the analytical results
because Eq. (17) is a simple calculation that only considers surface tension, and the CFD accounts
for the density surface tension, and viscosity of the fluid. However, they do closely align with the
experimental results.

SMD (m)

Water Calculated vs CFD
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Figure 29 Calculated Water versus CFD, Cases AII, BII, CII, DII
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Figure 30 Comparison between predicted droplet size (SMD), experimental values from
literature, and water CFD results. Cases AII, BII, CII, DII
4.2.3. Emulsion Injection
The physical properties of the emulsions measured and reported in Section 4.1.4. are used
to create new inert droplets into the validated model. Results of these models are depicted in Figure
31 to Figure 33 for an air injection rate of 140 m/s (Case A). It is seen through these figures that
as the amount on K CO increases, there is a higher area of dispersion, producing smaller droplet
2

3

sizes.
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(a) Case AIII

(b) Case AIII
Figure 31 Emulsion Injection Spray Case AII (a) Full Spray (b) Cross-Section of The Flow
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(a) Case AIV

(b) Case AIV

56

Figure 32 Emulsion Injection Spray Case AIV (a) Full Spray (b) Cross-Section of The Flow

(a) Case AV

(c) Case AV
Figure 33 Emulsion Injection Spray Case AV (a) Full Spray (b) Cross-Section of The Flow

57

When the results of the CFD are plotted along with Eq. (17) in Figure 34 results of the
CFD do not match the analytical results because the given formula from Ref [22] is for a single
component fluid whereas it is more likely that Fluent will be able to incorporate the various fluid
properties to predict flow behaviors. Figure 35 shoes these data points plotted against the
amount of potassium carbonate, showing similarity to the trendline of density in Figure 23.
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Figure 34 Calculated Kerosene versus CFD, Cases AIII, AIV, AV
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Figure 35 CFD of Droplet Size for Varying Amounts of K CO
2
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Chapter 5: Conclusions and Future Work
5.1. Conclusions
This thesis describes the development of an emulsion with high concentrations of K CO
2

3

along with a computational model of an atomization of the new fluid. One of the primary purposes
of the study was to investigate the effect K CO has on the quality and physical properties of an
2

3

emulsion, along with the effect on the D32 droplet sizes.
Currently, the methods of injecting seed into an MHD power generator to increase
ionization levels show limited results. Main concerns when powder feeding is implemented is the
inability of the K CO to become fully absorbed in the plume, and can be resolved by the
2

3

development of an emulsion. Emulsions with high concentrations of K CO is of interest to increase
2

3

ionization levels in an open-cycle MHD power generator. It is known that physical properties of a
fluid change when an emulsion is created, therefore a computational mode of the spray is also
desired to ensure similar atomization of the emulsion compared to kerosene.
The following conclusions can be made as a result of this work:
1. The addition of K CO affects the HLB factor based on the amount dissolved into
2

3

the water in an emulsion with an 80:20 kerosene to water ratio.
a. K CO will act as a surfactant based on the amount that is dissolved on water
2

3

b. High concentrations of K2CO3 will require a surfactant with a higher HLB
2. A high concentration of dissolved K CO (12g K CO in 12 g H2O) can be mixed
2

3

2

3

into kerosene using a high-speed blender at 30,000 RPM resulting in an emulsion
that lasts for a period of 3 hours with a surfactant that has an HLB of 15.
3. Viscosity and surface tension increases, where density decreases with the increase
of K CO
2

3
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4. The model developed with ANSYS Fluent can be accepted to study the D32 droplet
sizes
5. The result of the emulsion spray shows a the D32 of the droplet decreases with
more K CO
2

3

5.2. Future Work
The experimental portion of this thesis was hindered by the impact of the novel
COVID-19 virus, and therefore limited experimental data is presented. Since the computational
model also depended on the input of physical fluid properties, only the initial model parameters
were tested.
Future work for this thesis would include:
1. Replication of the experimental data to develop an error analysis of the
measurements
2. Physical properties of the emulsion to be taken for the stable emulsions in
Table 16
3. An experimental study of the D32 droplets of the emulsions in the atomizer
4. Better developed equation for D32 droplets that considers more physical properties
of the fluid
5. Computational model replicating this data with the actual atomizer in place at
NETL in the MHD oxy-fuel combustor
6. Computational model that considers different options in Fluent to model droplet
breakup
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Appendix
Nomenclature
Symbol
r
t

Definition
Density
Time

x, x, x
i

j

I

~

𝑢2F , 𝑢′=

Position on i, j, I
Velocity on i, j

𝛿2=
K

Turbulent kinetic energy

U

Velocity

Y

Overall dissipation rate

i

M

𝜀

Dissipation rate

C

Specific Heat

µ

Dynamic Viscosity

𝜇K

Turbulent Viscosity

p

s , se

Turbulent Prandtl Numbers for 𝑘, 𝜀

G,G

Kinetic energy generation due to buoyancy,

k

b,

k

velocity
S , Se
k

C e, C e, C e, Cµ
1

2

3

r, r
l

g

User-Defined Source Terms
Constant
Discrete Phase and Continuous Phase
Densities

u

Relative Velocity of The Droplet

r

Relative Velocity of The Droplet

s

Droplet Surface Tension

µ

Droplet Viscosity

We

Weber Number

w

Droplet Oscillation Frequency

y

Magnitude of The Droplet Distortion
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N

Number of Child Droplets

s

Droplet Surface Tension

Ρ

Density Of The Continuous Phase

g

Δu

Is The Difference In Velocity Air And Fuel
Velocities

Ʌ

Dominant Wavelength

D32

Sauter Mean Diameter

67

Vita
Alejandra Castellano was born and raised in El Paso, TX and stayed in this beautiful
community for her undergraduate and graduate careers. After graduating from Franklin High
school, she accepted many academic scholarships to attend the University of Texas El Paso to
pursue a Bachelor of Science in Mechanical Engineering in Fall of 2014. During this time, she was
heavily involved with the Shell-Eco Marathon and SAE. She various positions in Shell-Eco
including team lead, secretary, and president. She also worked as a machinist in the Mechanical
Engineering Machine Shop. As a rising senior, she accepted an internship with General Motors in
Warren, MI where she worked with the Stamp & Die teams. During this internship she received
two certifications in AutoForm. She then accepted a position as an undergraduate research assistant
for the Center of Space Exploration and Technology Research (cSETR) working with local
outreach k thru 12.
She received her Bachelor’s of Science in Mechanical Engineering in May of 2018, and
continued her education with a Master’s Degree in Mechanical Engineering from UTEP. During
This time, she worked in Dr. Norman Love’s team designing a multiflow piezoelectric sensor. At
the end of her first year she was offered a summer appointment with the National Energy
Technology Laboratory in Albany, OR in the Magnetohydrodynamic Lab. At the end of the
appointment, she felt that better results could be obtained, and continued her summer project as
her thesis. Alejandra has been accepted in a Doctoral Program in Mechanical Engineering at
Oregon State University with a focus in Thermal-Fluids where she will be working on a detonation
project.
Contact Information: casteale@oregonstate.edu
68

