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ABSTRACT 

This study explores the design, testing, and modeling of a bubble injector intended for use in 

studying bubble dynamics in molten salt reactors using a room temperature surrogate fluid by 

matching the Reynolds number, Eötvös number, and Morton number defined by the properties of 

the helium bubbles in the pump bowl of the Molten Salt Reactor Experiment (MSRE). The injector, 

constructed from polydimethylsiloxane (PDMS) and acrylic, was tested to generate bubbles within 

a precise size range suitable for simulating conditions in molten salt reactors. Experimental data 

showed that the equivalent bubble diameter is directly proportional to gas flow rate and inversely 

proportional to liquid flow rate, with clear trends emerging when data were subdivided into 

constant flow rate plots. The study applied and adapted the bubble size control model proposed by 

Lu et al. (2014), revealing limitations in existing models under modified conditions such as an 

elongated two-phase channel. A novel model was developed to better predict bubble size, 

incorporating dependencies on both flow rate ratios and the capillary number of the microchannels. 

The injector's design facilitates convenient modifications in channel geometry to achieve target 

bubble sizes, and future improvements in pressure monitoring and imaging are recommended. This 

work contributes to the advancement of microfluidic bubble injection technology. 
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GENERAL AUDIENCE ABSTRACT 

This study focuses on developing and testing a device that creates tiny bubbles to help us better 

understand bubble behavior in advanced nuclear reactors, specifically molten salt reactors. These 

reactors use a special type of liquid fuel, and understanding how bubbles move within them is 

important for improving their efficiency and safety. To simulate the conditions inside these 

reactors without using the actual molten salt, we used a substitute fluid that has similar properties 

to the molten salt and built a bubble injector made from clear, flexible materials. 

Our experiments showed that the size of the bubbles depends on the flow rates of the gas and 

liquid: larger bubbles are formed when more gas is injected, and smaller bubbles are created when 

the liquid flow is increased. We tested existing models that predict bubble size and found that they 

didn't always work well under the conditions we used, like longer channels where the gas and 

liquid mix. As a result, we developed a new model that better predicts bubble size by considering 

both flow rates and the Capillary number of the microchannels. 

The design of our injector allows for easy adjustments to make bubbles of different sizes, and we 

suggest future improvements in pressure measurement and camera equipment to enhance data 

accuracy. 
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Chapter 1 

1. Introduction 

1.1. The Need for Nuclear Power 

 

The demand for clean energy grows every year. As the world becomes more developed, 

those benefiting from this progress are increasingly concerned about its environmental impact. 

Rising energy demands are closely linked to the side effects of energy production, especially the 

burning of fossil fuels. This process has come under intense scrutiny due to the byproducts 

released into the environment, particularly carbon dioxide. Many argue that the release of carbon 

dioxide into the atmosphere will have irreversible detrimental effects on the global climate. 

Consequently, a popular movement for carbon neutrality has emerged. 

Carbon neutrality aims to balance the amount of carbon dioxide released into the 

atmosphere with an equivalent amount sequestered or offset, ultimately achieving net-zero 

carbon emissions. To reduce carbon emissions, alternatives to fossil fuels have emerged that 

release no carbon into the environment, known as clean energy sources. The most notable clean 

energy sources are wind, solar, and nuclear power. 

Wind energy is produced by converting the kinetic energy of wind into electrical energy. 

As the wind blows, it turns the blades of turbines, which spin a generator to produce electricity. 

Solar energy is produced by converting sunlight directly into electricity through the photovoltaic 
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effect. These methods have become vastly more efficient over the years, but they cannot be 

relied upon as the sole sources of energy to meet the needs of modern society. 

An important concept in evaluating the viability of a power source is its capacity factor. 

The capacity factor compares the actual power output of the power source to its maximum 

possible output. It is calculated by dividing the actual power output by its maximum possible 

output over a period of time. This measure indicates the percentage of time that a power source 

is producing power (Tyra et al., 2020). For example, the capacity factor of a solar farm is greatly 

affected by how sunny it is on a particular day and the fact that the sun does not shine for the 

entirety of the day. Solar farms do not provide any power at night, resulting in an average 

capacity factor of 24.5% (Tyra et al., 2020).  Similarly, wind power's average capacity factor, 

34.6% (Tyra et al., 2020), depends heavily on how often the wind blows. There are times when 

the sun isn't shining, and the wind isn't blowing, leading to potential power outages if society 

relies solely on these sources. There is also a significant amount of variation in the power 

producing potential of solar and wind with the time of year e.g. the sun doesnôt shine as brightly 

or for as long in the winter as in the summer. It is worth noting that there are energy storage 

methods to make these systems more resilient to such an occurrence. For example, the energy 

can be stored in a battery which can be loaded at night when there is no power output of the 

solar farms. The utility of any of these energy storage devices will result in energy losses because 

of the conversion of one form of energy to another (Brook et al., 2015).     

Power density is another very important concept to take into consideration when studying 

the viability of a power source. It is defined as the amount of power that the source is producing 

per unit area of land that it occupies. The common unit for this is ὡȾά . As land is one of 
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humanityôs most precious resources, minimizing the amount of land required to meet our energy 

demands is of utmost importance. In a 2018 meta-analysis, van Zalk and Behrens (2018) 

compared the power densities of various power sources taking into consideration the 

infrastructure requirement ratio (additional land needed for the power source i.e. mines), 

efficiency (the ratio of the energy input to the energy output), and capacity factor. The results of 

the study are summarized in Figure 1.1. 

The figure depicts box plots of the power densities on a log scale. The annotation ñnò 

represents the number of values studied of power density, and ñmdnò represents the median value 

found. The green boxes show the data of the energy types the paper defines as ñrenewable energy 

typesò, and the blue boxes show the data of the energy types the paper defines as ñnon-

renewableò.  
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Figure 1.1: Comparison of the power densities of various energy types (van Zalk 2018 and Behrens, 

2018).   

 

It is clear to see the drawbacks of the energy types presented in the green boxes. Even 

though van Zalk and Behrens do not include nuclear power in the list of renewable energy types, 

this is not a widely accepted fact. A more in-depth discussion of the renewability of nuclear power 

can be found in Section 1.2. As shown in Figure 1.1, the median nuclear power plant outperforms 

the median solar farm by a factor of over 36 and the median wind farm by over 2 orders of 

magnitude as presented in the paper. It is also worth noting that the paper shows that nuclear 

power is comparable in performance to the fossil fuels that must be largely phased out to achieve 



5  

carbon neutrality (Tyra et al., 2020). This indicates that the energy sources labeled in that paper 

as ñrenewableò are very difficult to scale to the magnitude of the worldôs current and future 

energy needs and that nuclear power plants are a much better option to replace fossil fuels.  

 

1.2. The Utility of Nuclear Power 

 

The evidence presented thus far indicates that nuclear power is the clear solution to the 

problems that the world faces with respect to carbon emissions and energy needs. It is fitting to 

now discuss the reasons nuclear power is not more abundantly utilized in modern society. 

Common cited reservations from the public about nuclear are as follows: the emissions, the 

waste, the economic viability, the safety, and the sustainability (Brook et al., 2015). 

Nuclear power plants do not emit carbon or other harmful chemicals into the atmosphere 

during normal operation. Emissions only occur when emergency diesel generators are utilized, 

which is rare enough that their impact is negligible. This is not the case for intermittent 

renewable energy sources like solar and wind. Backup power for these sources is often provided 

by burning fossil fuels to supply power to the grid when the sun isnôt shining, and the wind isnôt 

blowing sufficiently to meet demand. An example of a flourishing use of nuclear power is 

France. In France, where approximately 75% of the electricity market is powered by nuclear 

fission, its per capita greenhouse gas emissions are among the lowest of all industrialized 

nations. These emissions are significantly lower compared to similar countries that do not use 

nuclear power and instead depend on a combination of fossil fuels and renewable energy sources 

(Brook et al., 2015). However, the reservations people have with nuclear energy with respect to 
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its environmental impact are not carbon emissions. 

As of the end of 2019, 84,445 metric tons of spent fuel from commercial reactors were 

stored in 79 different locations 65 of which were operating reactor sites in 35 states (Carter, 

2020). This increasing buildup of waste concerns people especially because of its radioactive 

nature. The current setup for disposal of nuclear waste works for the time being as it is mostly 

isolated to active reactor sites with much attention. However, as the volume of the waste 

continues to increase, this solution isnôt permanent. A potential solution to this problem as 

outlined in Section 1.3, is the use of advanced fuel cycles. With reprocessing and fast neutron 

reactors, it is possible to reduce the volume of nuclear waste, as well as significantly reduce the 

need for long term repositories (Zohuri et al., 2023). 

As mentioned earlier, 75% of Franceôs electricity market is powered by nuclear fission. 

Franceôs unit price of electricity is also among the lowest worldwide (Brook et al. 2015). Since 

France has put so much faith in nuclear power, they have figured out how to effectively utilize 

it so that it is economically viable. In a paper analyzing the viability of different energy sources, 

Conca and Wright (2010) found the cost per kilowatt-hour of every major energy source taking 

into consideration the construction, fuel, operation and maintenance (O&M), and 

decommissioning. The results are summarized in Table 1.1 
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Table 1.1: Summary of Total Costs for Producing 469 bkWhrs from New Builds over the next 60 years 

(Conca and Wright, 2010) 

 

 

The last column of Table 1.1 shows the application of the carbon emission tax. This is a 

tax that charges $15 per ton of CO2 emitted into the atmosphere. It is used to incentivize cleaner 

energy (Brook et al., 2015). A great economic strength of nuclear is that it is resilient to 

fluctuations in fuel prices. A 50% increase in fuel price in nuclear would result in a 3% increase 

in per unit energy output compared to a 20% to 40% increase as observed in fossil fuel energy 

production (IEA, 2006). 

Perhaps the largest reservation the public has with nuclear power stems from the three 

commercial power plant accidents that have occurred: Three Mile Island (TMI) in 1979, 

Chernobyl in 1986, and Fukushima Daiichi in 2011. These accidents are often exaggerated in the 

publicôs mind. The publicôs perception of them is that each had many more fatalities and adverse 

health effects than the actual numbers indicate. The accident at TMI was contained well and there 

was no land contamination. There was also an evacuation put in place as a cautionary measure 

(Brook et al. 2015). However, it is worth noting the effects of the Chernobyl and Fukushima 
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accidents. In Concaôs paper, there is also a comparison of the mortality rates per billion kilowatt-

hours produced by major energy sources as shown in Table 1.2 which takes into consideration 

Chernobyl and Fukushima. From the table, it is clear to see that nuclear power is the safest energy 

source available. 

 

Table 1.2: Mortality rates of each energy source (Brook et al., 2015) 

 

 

Lund claims ñsustainable energy can be defined as energy sources that are not expected 

to be depleted in a time frame relevant to the human race; therefore, they contribute to the 

sustainability of all species.ò Following this definition, he claims that nuclear power does not fit 

under this definition because of its reliance on uranium which he claims to be ña scarce resource 

within the relevant time frameò (Lund, 2014). As mentioned earlier, this claim is not widely 

accepted. Alonso et al. (2015) argue for the renewability of nuclear power stating that the 
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available uranium deposits, combined with the use of fast fission reactors, make nuclear power 

an ñinexhaustible energy source.ò Alonso et al. further explain that there is an abundance of 

depleted uranium that is stored at enrichment plants and used fuel elements. With the use of fast 

fission reactors, they claim the energy recoverable from this uranium can power the world for 

several hundred years (Alonso et al., 2015). 

 

1.3. Molten Salt Reactors 

 

The fast fission reactors referenced in Alonsoôs paper are a type of breeder reactor. Breeder 

reactors produce more fissile material than they consume. Fissile material refers to nuclides that 

can undergo fission and produce power when interacting with a neutron. Breeder reactors achieve 

this by bombarding fertile nuclides with neutrons. Fertile nuclides are isotopes that can be 

converted into fissile nuclides, which can then split and release thermal energy. There are two 

main types of breeder reactors: fast breeder reactors and thermal breeder reactors. 

Fast breeder reactors use fast neutrons to breed fissile plutonium-239. Fast neutrons, which 

have high energy, are less likely to interact with nuclei. However, they are more likely to be 

captured by fertile uranium-238 than by fissile uranium-235. When a neutron is captured by 

uranium-238, the nuclide becomes uranium-239, which is unstable and undergoes beta minus 

decay to become neptunium-239, which also undergoes beta minus decay to become plutonium-

239, a stable fissile nuclide. Beta minus decay is a process where a neutron within a nucleus is 

converted into a proton, releasing an electron and increasing the nucleus's atomic number by one. 

Fast reactors are particularly useful because uranium-238, which has a natural abundance of 
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99.27%, is far more common than uranium-235, which has an abundance of 0.711%. Conventional 

nuclear reactors use uranium-235, which must be refined to around 5% to be useful. Utilizing 

uranium-238 to produce energy makes nuclear power an inexhaustible energy source by recycling 

spent fuel and extracting more energy from mined uranium. Fast molten salt reactors are among 

the most popular types of fast breeder reactors. 

Thermal breeder reactors, on the other hand, breed fissile uranium-233 using thermal 

neutrons. Thermal neutrons, which have low energy, are more likely to interact with nuclei. 

Nuclear reactors rely on these thermal neutrons to fission uranium-235. Since the neutrons 

produced by nuclear fission are fast neutrons, thermal reactors need to thermalize these neutrons 

with a moderator. Moderators are materials with high scattering cross sections, meaning they are 

likely to scatter neutrons and reduce their energy. Lower energy neutrons have a higher probability 

of interacting with fissile nuclei, causing fission and releasing thermal energy. Thermal breeder 

reactors use fertile thorium-232 to produce fissile uranium-233 similarly to how fast breeder 

reactors use fertile uranium-238 to produce fissile plutonium-239. Thorium-232 has a high thermal 

absorption cross section, making it likely to capture neutrons and transform into thorium-233, 

which is unstable and undergoes beta minus decay to become protactinium-233, which also 

undergoes beta minus decay to become fissile uranium-233. A notable type of thermal breeder 

reactor is the thermal molten salt reactor, as studied in the Oak Ridge National Laboratory (ORNL) 

Molten-Salt Reactor Experiment (MSRE). 

Breeder reactors are crucial in advanced fuel cycles because they can utilize the surplus of 

spent fuel from conventional reactors. By recycling, the uranium from spent fuel can be used in 

breeder reactors to produce more fissile material, thereby utilizing more of the uranium for power 
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production, not just the rare uranium-235. Molten salt reactors are a viable option for breeder 

reactors due to their safety, efficiency, and continuous operation. These reactors can operate at 

very high temperatures (1200°F), increasing thermal efficiency, and at relatively low pressures (5 

psig), reducing the risk of explosions. Molten salt serves as both the fuel and the coolant, 

eliminating the risk of hydrogen explosions that can occur in conventional reactors. Additionally, 

molten salt reactors use more of the fissile material and can be refueled online, allowing continuous 

operation and higher capacity factors. 

To effectively commercialize molten salt breeder reactors on a large scale, it is essential to 

understand all processes necessary for their operation. One challenge unique to these reactors, due 

to the liquid form of the fuel, is the removal of poisonous fission products. Neutron poisons are 

nuclides with large absorption cross-sections, leading to neutron absorption and reduced neutron 

economy. When a fissile nucleus undergoes fission, it produces fission products, such as xenon-

135, a significant neutron poison due to its gaseous nature. Removing these gaseous fission 

products is crucial for the operation of a molten salt reactor. The MSRE removed these gases in a 

pump bowl, where the molten salt was vigorously sprayed into itself through a helium gas medium, 

entraining small helium bubbles. This process allowed the diffusion of gaseous fission products 

like xenon-135 into the helium, from which they could be separated. However, little research has 

been done on the properties of these bubbles, such as the diffusion rate of gaseous fission products 

and bubble movement. This paper focuses on developing a better understanding of bubble 

movement, as their behavior could affect reactor reactivity. 
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Chapter 2 

2. Background 

2.1. Surrogate Fluid 

 

To accurately study the movement of helium bubbles, it is crucial to replicate the conditions 

in which they are found. These conditions can be characterized by dimensionless numbers, as 

discussed in Section 2.2. The aim of this study is to design and test a bubble injector that can be 

used in a system that mirrors the dimensionless numbers present in molten salt reactors. Instead of 

using molten salt to achieve this, this study uses a water-glycerin mixture as a surrogate fluid due 

to its properties at room temperature. Before conducting a dimensionless analysis, the properties 

of the molten salt reactor and the glycerin-water mixtures must be defined. 

The MSRE used FLiBe as the salt, a mixture of lithium fluoride and beryllium fluoride. 

Extensive data on FLiBe's properties is available from the tests conducted by ORNL during the 

five years of the MSRE's operation. These properties are detailed in Table 2.1 from relations 

defined by Compre et al. (1975) as a function of temperature. Additionally, understanding the size 

of the bubbles present is essential; this is specified as 0.4 mm in the same paper (Compre et al., 

1975). The helium densities used in this study are provided in tables from (Peterson 1970). 
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Table 2.1 Summary of relations to calculate properties of FLiBe as a function of temperature. 

Property Relation with temperature T (ºC) 

Density (kg/m3) ” ρπππςȢυχυυȢρσzρπ Ὕz 

Viscosity (Pa-s) ‘ ρȢρφzρπÅØÐ
σχυυ

Ὕ ςχσȢρυ
 

Surface Tension (kg/s2) „
ςφπȢρςὝ

ρπππ
 

 

 

The properties of the substances used in the experimental setup for this study must be 

clearly defined. Tamakura et al. (2012) define the properties for glycerin-water mixtures at room 

temperature as a function of weight percent. 

In this paper, the density of a glycerin-water mixture, ” , is defined with  

 ” ύ ” ύ ” , (1) 

where ύ is the weight ratio of water, ύ  is the weight ratio of glycerin, ”  is the density of pure 

water, and ” is the density of pure glycerin. Additionally, it is established that: 

 ύ ύ ρ, (2) 

since the mixture only contains glycerin and water. These equations can be rearranged to form: 

 ” ρ ύ ” ύ ” , (3) 

which is advantageous as it simplifies the dependency for density to a single variable. As shown 

in Figure 2.1, this model aligns well with the experimental data found by Tamakura et al. (2012) 

at room temperature.   
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Figure 2.1: Graph showing fit of density model with experimental data 

 

Next, it is necessary to define the surface tension as a function of weight ratio of glycerin. 

(Takamura et al., 2012) gives the following relation:  

 „ ύ „ ύ „ȟ (4) 

where „  represents the surface tension of pure water, and „  represents the surface tension of 

pure glycerin. Like Equation (3), this can be modified to 
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 „ ρ ύ „ ύ „ȟ (5) 

resulting in an equation with only one dependency. However, as shown in Figure 2.2, this model 

fits the data from Tamakura et al. (2012) poorly. 

 

Figure 2.2: Graph showing fit of surface tension model with experimental data 

 

The method used to define the surface tension as it varies with the weight ratio of glycerin 

in the mixture is interpolation. Conceptually, this involves drawing lines on a graph between each 

experimental data point and determining the property at each value in the domain based on the 



16  

quantities that fall along those lines. Figure 2.3 illustrates the result of interpolating the surface 

tension data. 

 

Figure 2.3: Graph showing interpolated experimental surface tension data 

 

The final property of glycerin-water mixtures that needs to be modeled for this study is 

viscosity. The relationship between the weight ratio and viscosity is highly nonlinear, requiring a 

more complex model. The model for the viscosity of the mixture, ‘  proposed by Takamura is 

as follows: 
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‘ ‘
ρ

ὅ
ὅ

ρ
Ὧὅ ρὅ
ὅ

ȟ (6) 

where ‘  represents the viscosity of pure water, ὅ represents the volume ratio of the glycerin-

water mixture, and Ὧ and ὅ  are constants that vary with temperature to fit the data accurately. 

In this study, the values for Ὧ and ὅ  that best fit the experimental data are 1.007 and 1.006, 

respectively. To apply this model, the volume ratio must be related to the weight ratio. To convert 

the weight ratio into the volume ratio, the relation 

 
ὅ

ύ Ⱦ”

ύ Ⱦ” ρ ύ Ⱦ”
 ȟ (7) 

is used. The accuracy of the model can be visualized in Figure 2.4 on a log plot. 
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Figure 2.4: Graph showing fit of the viscosity model with experimental data 

 

At first glance, the model appears to fit the data from Tamakura et al. (2012) quite well; 

however, because the graph is plotted on a logarithmic scale, small discrepancies between the 

plotted points and the model line may indicate significant errors in the magnitude of the data points 

compared to the viscosity predicted by the model. A logarithmic interpolation model, as visualized 

in Figure 2.5, can help address this issue. It is important to note that both the interpolated and 

theoretical models were found to be fairly accurate and were tested for experimental design. The 

outputs of the two models were compared, and no differences in design decisions were made based 
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on the differing outputs. 

 

Figure 2.5: Graph showing fit of the interpolated viscosity model with experimental data 

 

2.2. Analysis Background 

 

Dimensionless numbers are commonly used to characterize specific conditions within a 

fluid system. In this study, five dimensionless numbers are particularly relevant: the Reynolds 

number, the Eötvös number, the Morton number, the Archimedes number, and the Capillary 
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number. Each of these is summarized in Table 2.2. 

 

Table 2.2 Summary of relevant dimensionless numbers. 

Name Definition Intuition 

Reynolds Number ὙὩ
”Ὗὒ

‘
 

ὍὲὩὶὸὭὥὰ ὊέὶὧὩί

ὠὭίὧέόί ὊέὶὧὩί
 

Eötvös Number Ὁ
Ў”ὫὨ

„
 

ὋὶὥὺὭὸὥὸὭέὲὥὰ ὊέὶὧὩί

ὛόὶὪὥὧὩ ὝὩὲίὭέὲ ὊέὶὧὩί
 

Morton Number ὓ
Ў”Ὣ‘

”„
 

ὋὶὥὺὭὸὥὸὭέὲὥὰ ὊέὶὧὩί

ὛόὶὪὥὧὩ ὝὩὲίὭέὲ ὊέὶὧὩί
 

Archimedes Number ὃὶ
Ὠ ”Ὣ

‘
 

ὋὶὥὺὭὸὥὸὭέὲὥὰ ὊέὶὧὩί

ὠὭίὧέόί ὊέὶὧὩί
 

Capillary Number ὅὥ
‘Ὗ

„
 

ὠὭίὧέόί ὊέὶὧὩί

ὛόὶὪὥὧὩ ὝὩὲίὭέὲ ὊέὶὧὩί
 

 

 

The Reynolds Number has numerous applications, several of which are relevant to this 

study. Its significance lies in its ability to quantify the level of turbulence within a specific region 

of interest. Turbulence can be described as the variation in speed and direction of flow within that 

region. Generally, a higher Reynolds Number indicates more turbulent flow. The Reynolds 

Number is defined as: 
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ὙὩ

”Ὗὒ

‘
ȟ (8) 

where ɟ represents the density of the medium, U represents the speed of the medium, L represents 

the characteristic length, and µ represents the dynamic viscosity of the medium.  

The definition of characteristic length depends on the system being studied; for the 

purposes of this study, it can be the bubble equivalent diameter (Ὠ ) or the hydraulic diameter 

(Ὠ). The hydraulic diameter can be defined as  

 
Ὠ

τὃ

ὖ
ȟ (9) 

where ὃ represents the cross-sectional area of the flow, and ὖ is the wetted perimeter of the flow. 

The wetted perimeter is the portion of the perimeter of the cross section that is in contact with the 

flow. For example, for a square pipe, the wetted perimeter would be τύ where ύ represents the 

width of the pipe. However, for an open square channel, the wetted perimeter would be σύ.  

The bubble equivalent diameter is defined as 

 

Ὠ
φὠ

“
ȟ 

(10) 

where ὠrepresents the volume of the bubble. When applying the Reynolds number to two phase 

flow with bubbles, the following equation is used: 

 
ὙὩ

”ὺὨ

‘
ȟ (11) 

where ” represents the density of the liquid phase, ὺ represents the relative velocity of the bubble, 

and ‘ represents the dynamic viscosity of the liquid phase. There are a variety of methods for 

calculating the terminal velocity of a bubble. In the case of a single bubble rising in an infinite 
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medium, ὺ becomes the terminal velocity ὺ. 

A rough approximation of the terminal velocity of a bubble can be made with Stokeôs law, 

defined as:  

 
Ὗ

Ὠ Ὣ”

ρψ‘
ȟ (12) 

where Ὗ  represents the terminal velocity of the bubble. While this approximation is useful, more 

accurate models have been developed for predicting bubble terminal velocity. In this paper, the 

model used is the one defined by Nguyen and Schulze (2004). This model is based on five different 

equations, each applied to a specific range of the Archimedes Number. The Archimedes Number 

characterizes the effect of density differences in two-phase flow on the motion of the flow. For 

bubbly flow, it is defined as: 

 
ὃὶ

Ὠ ” ” ” Ὣ

‘
ȟ (13) 

where ” represents the density of the gas phase and Ὣ represents the acceleration of gravity. For 

this model, if the Archimedes Number of the system is less than or equal to 12,332, the terminal 

velocity of the bubbles is given by: 

 

ὺ Ὗ Ⱦρ

ὃὶ
ωφ

ρ πȢπχωὃὶȢ Ȣ
ȟ (14) 

Otherwise, the terminal velocity is given by: 

 

ὺ ρψὟ
τὥὃὶ ὓ Ȣ

σὯ
ȟ 

(15) 

where ὓ  represents the Morton Number which will be defined later in this section, k is a constant, 

and a and b are constants defined in Table 2.3 for various ranges of the Archimedes Numbers. It 
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is important to note that this constant k differs from the one used in the definition for the viscosity 

of glycerin-water mixtures. In this context, the value of k is 0.95.  

 

Table 2.3: Appropriate values of constants a and b 

Constraints a b 

12ȟσσςὃὶ σȢρυψὓ Ȣ  1 0 

3Ȣρυψὓ Ȣ ὃὶ ςωȢφυτὓ Ȣ  1.14 -0.176 

2ωȢφυτὓ Ȣ ὃὶ υπφȢχρωὓ Ȣ  1.36 -0.280 

5πφȢχρωὓ Ȣ ὃὶ 0.62 0 

 

 

The Reynolds number in combination with the Morton Number and Eötvös Number are 

used to characterize two phase flow as illustrated in Figure 2.6. The significance of M in Figure 

2.6 is the Morton Number. The Morten number can be defined as: 

 
ὓ

” ” Ὣ‘

”„
ȟ (16) 

where „ represents the surface tension of the liquid phase. The Eötvös Number can similarly be 

defined as: 

 
Ὁ

” ” ὫὨ

„
Ȣ (17) 

It differs from the Morton Number with a dependency on the equivalent diameter of the bubble. 
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Figure 2.6: Shape regimes of bubbles defined by Reynolds, Eötvös, and Morton numbers courtesy of 

(Clift et al., 1978) 
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The final significant dimensionless number used in this study is the Capillary Number defined 

as: 

 
ὅὥ

‘Ὗ

„
Ȣ 

(18) 

This number relates viscous forces to surface tension forces. In this study, the Capillary Number 

is used alongside the Reynolds Number to characterize microfluidic systems, as detailed in Section 

2.4. 

 

2.3. Dimensionless analysis 

 

Before experimental design can proceed, it is essential to identify and define the conditions 

this study aims to replicate. As discussed in Section 2.3, these conditions can be classified using 

dimensionless numbers. In the MSRE, the salt temperature varied between 600°C and 700°C. This 

temperature range will be used to determine the corresponding ranges for the Reynolds Number, 

Morton Number, and Eötvös Number, as the fluid properties of the salt change with temperature. 

These variations are summarized in Table 2.4 and highlighted by the red box in Figure 2.7. These 

ranges will serve as the target parameters for the surrogate fluid in this study. 
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Table 2.4: Target values of dimensionless numbers 

 600°C 700°C 

╜▫ σȢτψφzρπ χȢτςzρπ  

╡▄ 1.9742 4.0166 

╔▫ 0.0189 0.0198 
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Figure 2.7: Region of acceptable dimensionless numbers on shape regime graph courtesy of (Clift et al., 

1978) 
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The process begins by determining the fluid properties of the salt using the relations 

outlined in Section 2.1. Next, the Stokes velocity, along with the Eötvös, Morton, and Archimedes 

Numbers, are calculated using Equations (12), (17), (16), and (13), respectively, based on the 

properties at the specified temperature and the equivalent diameter of the bubbles. The terminal 

velocity is then determined using Equations (14) and (15), as appropriate. With this information, 

the Reynolds Number can be calculated using Equation (11). 

The next step involves replicating these numbers in the surrogate fluid system, which has 

two degrees of freedom: the weight ratio of glycerin and the equivalent diameter of the bubbles. 

Conveniently, the Morton Number is independent of the equivalent diameter, so it is used first to 

establish a preliminary acceptable range for the glycerin weight ratio in the surrogate fluid. Both 

the Reynolds Number and Eötvös Number depend on both the equivalent diameter and the glycerin 

weight ratio. Although working with variables that have two dependencies can be complex, it 

becomes manageable using matrices. 

Using the methods discussed in Section 2.1, this study first defines a weight ratio vector of 

length 10,000, ranging from 0 to 0.9, to represent all possible concentrations of glycerin in the 

surrogate fluid. An equivalent diameter vector, also of length 10,000, is similarly defined, ranging 

from 0 mm to 1 mm, to cover the likely range of equivalent diameters that would satisfy the 

conditions outlined in Table 2.4. The Morton Number is then calculated in vector form for each 

weight ratio in the weight ratio vector. The constraints on the Morton Number are applied, resulting 

in a new weight ratio vector containing only the values that satisfy the Morton Number conditions. 

The Morton Number after applying these constraints is visualized in Figure 2.8 
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Figure 2.8: Plot to visualize the acceptable range of the Morton Number 

 

The Reynolds Number was then calculated in a matrix, where the rows represent steps in 

the equivalent diameter and the columns represent steps in the weight ratio, corresponding to the 

values in the respective equivalent diameter and new weight ratio vectors. The process for 

calculating each element in the Reynolds Number matrix was similar to the method used earlier in 

this section for the molten salt, involving the calculation of the Stokes velocity, Archimedes 

Number, and Morton Number to determine the terminal velocity, which was then used to calculate 
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the Reynolds Number. 

Next, the limitations on the Reynolds Number were applied to this matrix, and all values 

outside the target range were removed, leaving only the elements that satisfy the conditions. The 

matrix after these limitations were applied is visualized in Figure 2.9. The range of the equivalent 

diameter and weight ratio vectors was then adjusted by removing the indices that did not have an 

acceptable Reynolds Number value in their respective row or column. 
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Figure 2.9: Surface plot to visualize the acceptable range of the Reynolds Number 

 

A similar process was used to further narrow down the range of acceptable equivalent 

diameters and weight ratios based on the limitations of the Eötvös Number. The Eötvös Number 

was calculated for all the values in the modified equivalent diameter and weight ratio vectors, 

corresponding to the respective rows and columns of a matrix. The limitations on the Eötvös 
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Number were then applied, and all values outside the acceptable range were removed. The 

resulting matrix is visualized in Figure 2.10. 

 

 

Figure 2.10: Surface plot to visualize the acceptable range of the Eötvös Number 

 

The first key takeaway from this dimensionless analysis is that the surrogate fluid for this 

study should consist of 35% glycerin by weight. This composition falls within the acceptable range 

of 27%-40% while providing a margin for fluctuation and nonuniformity in concentration, as it 
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represents the median acceptable value for the weight ratio. The second important insight is that 

the validity of this surrogate fluid system in simulating conditions in molten salt is highly sensitive 

to the equivalent diameter of the bubbles. The acceptable range for this property is narrow, from 

0.35 mm to 0.365 mm. Therefore, a process that can very precisely and accurately inject small 

bubbles into the test section is essential for the study of bubble dynamics in molten salt reactors. 

The definition of such a process is the purpose of this study.  

 

2.4. Microfluidics 

 

The method used for bubble size control in this study is microfluidics, which involves 

studying the behavior of fluids as they move through microchannels. Microchannels are typically 

less than one millimeter in diameter and are often made from materials like glass and 

polydimethylsiloxane (PDMS), a clear, elastic, and rubbery material. PDMS is useful for 

microfluidics as it is rather easy to fabricate microchannels into it by pouring it into a mold created 

with soft lithography or 3D printing. Microfluidic systems are commonly used for various fluid 

processing applications, one of which is droplet-based microfluidics. 

Droplet-based microfluidics is a technique for creating very small and consistently sized 

pockets of a dispersed phase within a continuous phase, as visualized in Figure 2.11. For this 

method to work, the continuous and dispersed phases must have considerable interfacial or surface 

tension. Numerous experiments have been conducted using different substances for both the 

continuous and dispersed phases. For this study, the most relevant are those that use air as the 

dispersed phase, as this is the method for microfluidic bubble size control. Air is also used in this 
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case as the surface tension of the surrogate fluid, as discussed in Section 2.1, assumes that the 

interfacial gas is air.  
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Figure 2.11: Visualization of (A) T-junction structure. (B) Flow-focusing structure. (C) Coaxial focusing 

structure for microfluidic devices (Liu et al., 2022) 
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The function of microfluidic systems is often characterized by the Capillary number of the 

microchannels. The importance of the Capillary number in this context lies in its ability to define 

the droplet formation regime. At low Capillary numbers (ὅὥ ρπ) the viscous forces of the 

continuous phase are insufficient to overcome the interfacial tension between the dispersed and 

continuous phases. As a result, the flow of the dispersed phase blocks the inlet of the continuous 

phase until the pressure builds up enough to push the droplet or bubble through the outlet. 

Conversely, at higher Capillary numbers (ὅὥ ρπ) the viscous forces of the continuous phase 

are strong enough to quickly shear the droplets or bubbles from the dispersed phase and drive them 

into the outlet (Garstecki, 2010) 

Lu et al. (2014) propose a model for controlling bubble size within a flow-focusing 

microfluidic device, achieving a production frequency of up to 38.6 bubbles per second with 

diameters as small as 0.69 mm. The model predicts bubble size using the following equation: 

 ὠ

ύ
ρȢρς•Ȣ ὅὥ Ȣȟ (19) 

where ὠ represents the volume of the bubbles produced, ύ represents the width of the 

microchannels, and • denotes the flow rate ratio defined as: 

 
•

ὗ

ὗ
Ȣ (20) 

Here, ὗ  represents the flow rate of the gas (dispersed phase) and ὗ represents the flow rate of 

the liquid (continuous phase). Intuitively, a higher • value corresponds to a larger bubble volume, 

as more gas is being introduced into the system relative to the liquid (Lu et al., 2014). 

This model will serve as the design basis for the injector in this study, as the predicted 

bubble size aligns with the target specifications, and the bubble generation frequency is large 
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enough that plenty of bubbles could be injected into the 1 cm by 3 cm test section used for this 

study. However, the model has not been validated for scaling to meet the bubble size requirements 

of this study. To apply this model to the current study, the channel width will be reduced, and the 

continuous phase will have different properties than those tested in the original model. 
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Chapter 3 

3. Injector Design 

3.1. PDMS Chip Design and Fabrication 

 

The first critical step in the design process is creating the PDMS chip with integrated 

microchannels. The study builds on the work of Lu et al. (2014), which investigated a flow-

focusing geometry with microchannels featuring square cross-sections of 0.6 mm in width. Given 

that the target bubble size for this study is 0.355 mm, the microchannel width was reduced to 0.4 

mm. Although Lu did not specifically test this configuration, similar devices can produce bubbles 

with a diameter approximately 60% of the channel width (Wang et al., 2021). Channel geometry 

is just as important as channel width for the injector design. 

The first consideration for microchannel geometry is the type of microfluidic structure. 

Since this study is based on the flow-focusing device from Lu et al. (2014), the same geometry is 

replicated, with the air (dispersed phase) flowing parallel to the outlet and the surrogate fluid 

(continuous phase) flowing perpendicular to the air at the T-junction, as illustrated in Figure 3.1. 
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Figure 3.1:Visualization of the T-junction geometry 

 

Based on design calculations using the bubble size control model, the estimated bubble 

production frequency is 10 Hz. This number was obtained from staying within the Capillary 

Number range Lu et al. (2014) tested. The flow rates that result from this are 1.3 ml/hr for air and 

145 ml/hr for the surrogate fluid. Given that this frequency is relatively low, two injection channels 

are required. The test section for this injector has a width of 3 cm, so even distribution of bubbles 

across the section is essential. To achieve this, the channels are spaced 1 cm apart, with each 

positioned 1 cm from the section walls. The final microchannel geometry is shown in Figure 3.2. 
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Figure 3.2: Final geometry of the PDMS chip 

 

The circles in Figure 3.2 connected to the microchannels, represent the inlets for the 

surrogate fluid and air. The two inlets on the left side are for the surrogate fluid, while the two on 

the right are for the air. The circles along the chip's border indicate fastener placements, as 

discussed in Section 3.2. This geometry serves as the basis for fabricating a mold, which is created 

by forming a negative of all the chip's desired features. A CAD model of the mold is shown in 

Figure 3.3. Upon close inspection, the fastener holes near the outlet are missing, as their necessity 

was not identified during the initial design phase. 
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Figure 3.3: CAD model of the PDMS mold 

 

Soft lithography would typically be the ideal method for fabricating microfluidic molds 

due to its precision; however, the size and complexity of the chipôs geometry made this method 

impractical. Instead, this study utilized 3D printing to fabricate the mold. Recent advancements in 

3D printing technology have made producing such molds both accessible and cost-effective. 

Online services like Xometry and Protolabs offer high-precision prints suitable for this type of 

application. A photograph of the finished mold fabricated by Protolabs can be seen in Figure 3.4. 
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Figure 3.4: 3D printed PDMS mold 

 

Once the mold is ready, fabricating the PDMS chip is a relatively straightforward process. 

The base compound (dimethylsiloxane) is mixed with a curing agent in a 10:1 ratio by weight. For 

this study, the SYLGARD 184 Silicone Elastomer Kit was used. After mixing, any trapped air 

bubbles are removed using a Synthware vacuum glass desiccator, as shown in Figure 3.5 creating 

a vacuum of -12.5 psi with a GAST Compressor/Vacuum Pump (model: DOA-P704-AA). A useful 

trick for more effectively eliminating bubbles is to rapidly reintroduce atmospheric pressure rather 

than doing so gradually. This process was repeated two to three times until most of the bubbles 

were eliminated. The remaining bubbles were removed with a pipet. 
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Figure 3.5: PDMS mixture in vacuum chamber 

 

After the bubbles are removed, the PDMS is poured into the mold. Since the mold has an 

open face for easy removal of the PDMS chip, a small pane of glass is used to cover this side 

during pouring and curing. To ensure proper and efficient curing, the mold is placed on a hotplate 

set to 55 ºC. Figure 3.6 displays the mold pouring setup, where the red piece supports the glass 
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pane, and metal dowel pins are used to create holes for the fasteners. It's important to pour slightly 

more mixture than needed so it overflows, ensuring the chip is thick enough and doesn't have a 

concave surface. Laying a piece of acrylic over the mold during curing helps to achieve a flat 

surface. 
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Figure 3.6: PDMS mold and curing setup 

 

After curing for a day, the PDMS chip can be removed from the mold. At this stage, any 

excess material is trimmed away with scissors or a sharp knife. 
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3.2. Acrylic Sandwich Design and Fabrication 

 

To close the open face of the microchannels in the PDMS and create practical inlets for 

both the air and surrogate fluid, while also providing a durable structure to prevent damage in a 

lab environment, acrylic plates are used. Although glass is typically preferred for microfluidic 

applications due to its adhesive properties with PDMS, the complexity of the injectorôs geometry 

makes glass fabrication impractical. Acrylic, chosen for its machinability and transparency, is a 

suitable alternative. However, because acrylic doesnôt adhere to PDMS as strongly as glass, 

pressure must be applied to ensure a tight seal. This is achieved by sandwiching the PDMS chip 

between two acrylic slabs, secured by fasteners around the border, as illustrated in Figure 3.7 and 

Figure 3.8.  
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Figure 3.7: Exploded view of acrylic-PDMS sandwich 
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Figure 3.8: Assembled acrylic-PDMS sandwich 

 

The acrylic plates were sourced from McMaster-Carr and were initially cut to size using a 

horizontal band saw. A CNC router machine was then employed to refine the cuts to tighter 

tolerances and to create the jutted-out sides for the injectorôs inlet. These jutted-out sides were 

initially thought necessary to keep the injector in place but were later deemed unnecessary after 

further design revisions. The inlet and fastener holes were drilled with a drill press.  

To accommodate fittings for the air and surrogate fluid inlets, the acrylic inlet holes were 

tapped with a 1/16 NPT thread. Brass push-to-connect fittings were installed using Teflon tape and 

silicone caulk to ensure a proper seal. Figure 3.9 shows a CAD model with the attached fittings, 

which allow for easy connection and disconnection of 1/8" interior and 1/4" exterior diameter 

flexible PVC tubing. 
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Figure 3.9: CAD model with fittings 

 

Initial calculations did not indicate a need for fasteners at the injector's outlet, but after 

testing, the design was updated to include them. Holes were drilled in the acrylic slabs, and 1/4-

28 female threads were tapped in the acrylic slab with the NPT fittings. For tabletop validation, 

the injector was configured as shown in Figure 3.10. 
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Figure 3.10: CAD model of injector for outside test loop testing 

 

This setup provides excellent visibility for validating bubble formation outside the test 

section. However, the injector is ultimately designed to be inserted into the test section detailed in 

Section 3.4. To achieve this, a flange was required. Song (2018) established the geometry for 

fitting an injector into the test section in the same lab as this study, so this design was modified to 

accommodate the microfluidic injector. The flange design is shown in Figure 3.11. 
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Figure 3.11: CAD model for injector flange  
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Although acrylic is easy to machine, the complexity of the flange's geometry necessitated 

outsourcing the fabrication to Xometry. Upon arrival, the flange was opaque from the machining 

process, as shown in Figure 3.12, requiring sanding and polishing to restore transparency for 

bubble observation. A hand sander was used starting at 120 grit and working up to 3000 grit. After 

this, the NOVUS 3-step plastic polishing kit was used to get a transparent finish to the acrylic. The 

polished flange is shown in Figure 3.13. 
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Figure 3.12: Unpolished flange 
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Figure 3.13: Polished flange 

 

The injector fits into the rectangular slot, as seen in Figure 3.14 and Figure 3.15. The 

fasteners that apply pressure to the injectorôs outlet fit into the vertical holes in the flange, which 
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were drilled after the flange was received due to a design change. The injector assemblyôs square 

boss fits into a corresponding square hole in the test section. To ensure proper connection, the 

socket screw heads at the injectorôs outlet were recessed within the square boss. Silicone caulk 

was applied where the injector sandwich meets the flange to prevent leaks.  

 

Figure 3.14: CAD model of the complete injector assembly 
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Figure 3.15: Exploded view of the complete injector assembly 

 

As shown in Figure 3.12, an O-ring is embedded in the flange. For a proper seal when 

fastening the injector assembly to the test section, the O-ring must be compressed. During initial 

testing, it was discovered that the square boss was too long, preventing a proper seal. The box was 

subsequently sanded down to achieve a better fit. The completed injector assembly, prior to 

applying silicone caulk, is shown in Figure 3.16. 
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Figure 3.16: Picture of complete injector assembly 

 

 

3.3. Injection 
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In this study, a consistent method for injecting air and the surrogate fluid at a controlled 

rate is essential. Due to the small width of the microchannels, the required injection rate is quite 

low, ranging from 30 mL/hr to 140 mL/hr. To achieve constant and highly accurate flow rates with 

minimal variability, syringe pumps are employed. Syringe pumps operate by driving the plunger 

of a syringe at a precisely controlled and adjustable rate, delivering the exact volume of fluid 

needed. This study utilizes two syringe pumpsðone for each injected substanceðfor flow control. 

The specific pump used is the NE-300 InfusionONE Syringe Pump, as shown in Figure 3.17. 

 

Figure 3.17: NE-300 InfusionONE Syringe Pump 
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The NE-300 Syringe Pump offers a wide flow rate range, from as low as 12.2 nL/min to 

20.95 mL/min, depending on the syringe size. Since the study requires long-duration tests, the 

largest compatible syringes were chosen: 100 mL capacity luer lock tip syringes for both air and 

the surrogate fluid. The pump allows for the internal diameter of the syringe to be entered into the 

settings to ensure the correct flow rate is maintained. The accuracy of the injection rate of this 

syringe pump is +/- 1%. 

As mentioned in Section 3.2, 1/8" interior and 1/4" exterior diameter flexible PVC tubing 

was used to transport the air and surrogate fluid to the injector. A luer lock-to-1/8" inner diameter 

tube adapter was used to connect the syringe to the tubing. For air injection, since the pressure can 

vary between tests, it is necessary to monitor the air pressure exiting the syringe to determine the 

mass flow rate. A simple pressure gauge was installed for this purpose. The pressure gauge used 

ranges from 0 psig to 30 psig with graduations every 0.5 psi. The injection setup is shown in Figure 

3.18. 
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Figure 3.18: Injection setup 

 

3.4. Test Section Loop 

 

As mentioned in Section 3.1, the injector is designed to fit into a test loop with a cross-

section of 3 cm by 1 cm. Much of the test loop was designed and fabricated in Song (2018), and 

only minor modifications and assembly were required for the tests in this study. Additionally, a 

few major components of the test loop needed to be replaced. The injector fits into the test section 

as shown in Figure 3.19. When fastening the injector assembly to the test section, as noted in 

Section 3.3, the O-ring must be compressed to ensure a proper seal. This is accomplished with the 

fasteners shown in Figure 3.19. 
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Figure 3.19: CAD model of the injector assembly fitting into the test section. 

 

The test loop structure consists of two major support frames, both anchored to the concrete 

floor. As seen in Figure 3.20, the first structure is an aluminum frame supporting the test section 

and flow meters, which are discussed later. The second structure supports the tank and circulation 
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pump. The tank, with a capacity of 15 gallons, holds the glycerin-water mixture and feeds it 

directly into the circulation pump. 

 

Figure 3.20: Test loop structure and tank 
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The tank is connected to the circulation pump via PEX tubing. The circulation pump used 

in this study is a 1.5-horsepower model, secured beneath the tank on the left side of Figure 3.20, 

as shown in Figure 3.21. While Song (2018) utilized a 1-horsepower pump, the increased viscosity 

and density of the surrogate fluid in this study necessitated the use of a more powerful pump to 

achieve comparable flow rates. 
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Figure 3.21: Circulation pump fastened to the tank structure 

 

The outlet of the pump feeds into a PEX tubing system, shown in Figure 3.22, which directs 

flow to one of two volumetric flow meters using two valves. To ensure proper circulation when 

the pump is running, one valve must remain open. To obtain accurate flow readings, the other 

valve is closed. When the left valve is open and the right is closed, flow is directed to a flow meter 

ranging from 0 to 1 gallon per minute. When the right valve is open and the left closed, flow is 

directed to a flow meter ranging from 0 to 7 gallons per minute.  
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Figure 3.22: Flow directing device for flow meters 

 

The tests in this study did not require the smaller flow meter; instead, the larger flow meter 

was used to measure the flow rate of the surrogate fluid through the test section. As shown in 

Figure 3.23, this flow meter reads in gallons per minute of water. The reading is based on the drag 

force exerted on a mass within the meter by the fluid, calibrated for the density of water. To 
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calculate the actual flow rate for the glycerin-water mixture, the following correction is applied: 

 
ὗ ὗ , (21) 

where ὗ  is the corrected flow rate through the flow meter, ὗ  is the flow meter reading, 

”  is the density of water, and ”  is the density of the glycerin-water mixture.  
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Figure 3.23: Flow meter used for tests inside loop  
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The outlets of the two flow meters converge into a single flow path, as shown in Figure 

3.24. This flow then passes through a valve that allows for the adjustment of the flow rate. When 

fully open, the flow is at its maximum; when fully closed, the flow is stopped entirely. Flow control 

is important because at maximum capacity, the pump introduces small bubbles into the system, 

disrupting data collection. 

 

Figure 3.24: T-joint uniting flow from both flow meters. 

 

Two drains are installed in the test loop to facilitate fluid changes or purging of the test 

section, as shown in Figure 3.25 and Figure 3.26. The first drain is located between the tank outlet 
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and the pump inlet to empty the tank, while the second drain is located between the pump outlet 

and the flow meter inlets. Both drains operate using gravity. 

  

 

Figure 3.25: Drain for emptying the tank 
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Figure 3.26: Drain for emptying the test section 

 

 

Once the test loop was fully assembled, it was tested with water to check for leaks and 
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ensure proper operation. Any leaks were sealed with superglue or silicone caulk. Issues with the 

injector were mostly resolved by adjusting the tightness of the fasteners. Once these adjustments 

were made, the loop was ready for testing. 
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Chapter 4 

4. Injector Testing 

4.1. Outside Loop Experimental Setup and Procedure  

 

Before assembling the acrylic-PDMS sandwich to the flange, it was important to fully 

understand the function of the microfluidic flow-focusing device used in the injector. Measuring 

the size of the bubbles produced by the device before they are injected is the most effective way 

to ensure that the microchannels are functioning properly. This method evaluates the device's 

performance before introducing uncertainties. Setting up the test correctly is crucial to obtaining 

accurate results.  

Since the tests conducted outside the loop required only small volumes of the surrogate 

fluid, small batches of the mixture were prepared at a time. The surrogate fluid was created by 

measuring the glycerin and water by volume using the injection syringe. The volume ratio of 

glycerin in the surrogate fluid was set at 0.3. To prepare the mixture, 100 mL of glycerin was 

drawn into the syringe from a 5-gallon bucket using a short section of the injection tubing and then 

transferred to a sealable bottle. Next, 233 mL of water was measured with the syringe and added 

to the bottle. The bottle was shaken to ensure proper mixing and homogenization. This process 

also aerates the mixture, so before testing, air bubbles were removed by creating a vacuum in the 

syringeðblocking the outlet and pulling back on the plunger to allow air to escape from the 
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solution. 

The test setup for the outside loop tests, shown in Figure 4.1, was simple but effective. The 

syringe pumps were placed on the left side of the testing table, with the injector standing upright 

in the middle, its outlet pointing to the right. A camera was positioned at the far end of the table, 

pointed toward the injector, with a light on the opposite side of the camera directed at the injector. 

The camera was connected to a computer (not shown in the picture) for control, and the brightness 

of the light was adjustable using the control board on the right side of Figure 4.1. 
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Figure 4.1: Test setup for outside loop tests 

 

The testing procedure was as important as the setup to ensure high-quality results. A total 

of 96 conditions were tested, each with five trials, resulting in 480 tests overall. Each test captured 

200 images at a frame rate of 3000 frames per second and a shutter speed of 1/4000 of a second. 
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The test matrix consisted of 12 different injection rates for the surrogate fluid, each paired with 

one of eight air injection rates. These injection rates are detailed in Table 4.1. The gas injection 

rates initially appear peculiar. This is because it was discovered after the tests were conducted that 

the interior diameter of the syringe was set to 27.3 mm when it should have been 31.75 mm. To 

correct for this mistake in the interest of proper processing, the indicated injection rate was 

corrected with: 

 
ὗ ὗ

Ὀ

Ὀ
ȟ 

(22) 

where ὗ  represents the corrected injection rate, ὗ  represents the indicated injection 

rate, Ὀ  is the actual diameter of the syringe used, and Ὀ  is the diameter that the syringe 

pump was set to. 

 

Table 4.1: Injection volumetric flow rates 

Glycerin-Water Mixture 

Injection Rate (mL/hr)  
50, 55, 60, 65, 70, 75, 80, 85, 95, 105, 115, 125 

Gas Injection Rate (mL/hr) 54.10, 60.87, 67.63, 74.39, 81.16, 87.92, 94.68, 101.44 

 

To initiate flow in the injector, the fluid injection was started first, followed by the air 

injection. Since the air syringe typically begins at atmospheric pressure, fluid from the injector 

would rise into the air inlet. At this point, manual adjustment of the syringe pump was needed to 

increase pressure until the fluid was forced out of the system. Once the pressure equalized, steady-

state flow was achieved, and data collection could begin. 

Data collection began with recording the injector's temperature using an infrared 
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thermometer, which was used to determine the air mass flow rate. Next, the pressure was recorded 

from a gauge, and 200 images were captured and saved to a hard drive. There was a 15-second 

interval between each trial to ensure system stability. Once five trials were completed for a given 

condition, the flow condition was adjusted, and the process was repeated. 

To determine the pixel-to-millimeter conversion for the images, a calibration sheet with 1 

mm squares was used as a reference. By counting the number of pixels per square in the images, 

the pixel-to-mm conversion factor was calculated. 

 

4.2. Image Processing Outside Loop 

 

Once the raw data is acquired, it must be processed to extract useful information. While 

images are typically qualitative data, when converted to grayscale, they essentially become 

matrices in which each element corresponds to the brightess of a pixel. This transformation allows 

for the application of matrix operations to extract quantitative properties from the images. 

MATLAB, known for its strength in matrix operations, was used for this image processing. 

An example of a raw image from the tests is shown in Figure 4.2. It is a grayscale image 

containing unnecessary space, with the bubbles in the microchannel being the focus for analysis. 

 



77 

 

 

Figure 4.2: Example of raw image captured in outside loop testing 

 

The first step in processing the image is to identify the region of interest and crop the image 

to focus solely on this area. The result of this cropping is shown in Figure 4.3. 
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Figure 4.3: Cropped image of microfluidic region of interest 

 

Next, the image is inverted, as shown in Figure 4.4. Since the bubbles we are analyzing 

appear as dark entities, inverting the image (by subtracting its matrix from one) makes the bubbles 

appear lighter, which is more convenient for subsequent processing. 

 

Figure 4.4: Inverted image of microfluidic region of interest 

 

The image is then saturated to increase the contrast of the image, so it is easier to identify 

the entities within the image. This is done with a built-in function in MATLAB called ñimadjustò 

which evaluates the pixels within the image and converts the top 1% to value 1 and the bottom 1% 

to value 0. This makes the brightest pixels white and the darkest pixels black as displayed in Figure 

4.5. 
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Figure 4.5: Saturated image of microfluidic region of interest 

 

Small specks in the images, caused by imperfections in the injector, dust, or other debris, 

are removed using MATLAB's "medfilt2" function, which applies a median filter. This filter 

replaces each pixel with the median value from a surrounding neighborhood, smoothing the image 

as shown in Figure 4.6.  

 

Figure 4.6: Mediad-filtered image of microfluidic region of interest 

 

The image is then binarized so that the values in the image matrix are either 1 or 0 

corresponding to white or black respectively. MATLAB has a built-in function for binarizing an 

image using a threshold defined with Otsuôs method called ñimbinarizeò (Otsu, 1979). This 

binarizing function converts all the pixels above this threshold to 1 (white) and below the threshold 

to 0 (black). The example image after this process is displayed in Figure 4.7. 
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Figure 4.7: Binarized image of microfluidic region of interest 

 

To ensure that the bubbles are treated as continuous masses, any gaps or holes within the 

bubbles are filled. This is done using the "imclose" function to close gaps and the "imfill" function 

to fill holes. The final processed image, used for calculations, is shown in Figure 4.8. 

 

Figure 4.8: Final image used for calculations. 

 

These image processing steps are computationally intensive, so the raw images were 

processed and saved separately, with a second code used to calculate the mass, volume, and 

frequency of bubble generation. 

At the beginning of the code, variables for injection rates, temperature, and pressure 

readings for each trial are defined. The pixel-to-millimeter conversion factor is also specified. To 

ensure efficiency, matrix or vector variables are preallocated with the correct sizes, and a second 

region of interest similar to the one shown red in Figure is defined. All of the image conversion 

processes for the outside of the loop test were done with one MATLAB script (see Appendix A). 
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Figure 4.9: Second region of interest 

 

MATLAB's "regionprops" function is used to extract properties of the bubbles, such as 

their bounding box and centroid. The bounding box helps determine the width of the bubbles, 

while the centroid is used to track their movement across frames. 

The method of calculating the frequency of bubble generation in this study begins with 

counting the number of bubbles that exit the frame within each test. This is done by tracking where 

the centroid of the bubble closest to the exit is. In the first frame that doesnôt include that bubble, 

the bubble closest to the exit is now the bubble behind that one, and thus the centroid of bubble 

closest to the exit in this frame is now farther from the exit. When this happens, the code adds 1 to 

the number of bubbles that have exited the frame.  

With this, the average frequency of bubble generation can be calculated with: 

 
ὪӶ
ὔ

ὸ
ȟ (23) 

where ὔ  represents the number of bubbles that exited the frame and ὸ  represents the total 

duration of the test given by: 

 
ὸ

ὔ

ὪὶὥάὩὶὥὸὩ 
ȟ (24) 

where ὔ  represents the number of frames in the test. It is important to note that ὪӶ is not 

necessarily equal to the frequency of bubble generation at every point within the test.  
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It's important to ensure that the bubble generation frequency remains constant throughout 

the test. To validate this, the code sums the pixels within the second region of interest for each 

frame, storing these sums in a vector. As bubbles enter and exit the region, the values of the vector 

rise and fall. If the frequency is constant, the vector's plot should appear periodic, as shown in 

Figure 4.10. 

 

Figure 4.10: Plot of pixel count within the second region of interest 
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Fourier analysis is then performed on this vector to identify the dominant frequency. If 

there is one clear peak in the frequency domain, as shown in Figure 4.11, the bubble generation is 

periodic. If the data is nonperiodic, the frequency domain graph will look more like Figure 4.12, 

indicating potential issues with the injector, such as uneven pressure or debris in the 

microchannels. 

 

Figure 4.11: Frequency domain graph of periodic data 
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Figure 4.12: Frequency domain graph of nonperiodic data 

 

To calculate the mass flow rate of the air injection, the ideal gas law is used:   

 
ά

ὖὗ

Ὑ Ὕ
ȟ (25) 

where ὖ represents the absolute pressure of the air, ὗ  represents the volumetric flow rate of the 
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air, Ὑ  represents the gas constant for air, and Ὕ represents the absolute temperature. It is 

important to pay attention to the units in this equation and to use the proper value for Ὑ that is 

compatible with those units. Using the conservation of mass: 

 
ά ά ᴼ

ὖὗ

Ὕ

ὖὗ

Ὕ
ȟ (26) 

where the subscripts denote the conditions or positions of the gas. Knowing the bubble generation 

frequency, and the mass flow rate of a particular test, the average mass of the bubbles within that 

test can be calculated with 

 
ά

ά

Ὢ
ȟ (27) 

where ά represents the average mass of the bubbles. 

In addition to confirming the assumption of constant frequency, it is important to assess 

the variability in bubble mass. This process begins by determining the volume of the bubbles in 

the captured images, assuming each bubble cross-section is circular. The top image in Figure 4.13 

shows a close-up example of a bubble being analyzed in the microchannels. Each column in the 

image corresponds to a width of 1 pixel. To calculate the bubble's volume, the bubble is treated as 

a series of stacked cylinders. The diameter of each cylinder is determined by the number of pixels 

the bubble spans in each column, which is then converted to millimeters. The height of each 

cylinder is 1 pixel (also converted to millimeters), and by summing the volumes of these cylinders, 

the total volume of the bubble is obtained. The assumed 3-dimensional geometry of the bubble is 

shown in the bottom image of Figure 4.13 
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Figure 4.13: Close-up example of an individual bubble analyzed by the program. 

 

Similar to Equation (25), the volume can be converted to mass with the ideal gas law: 

 
ά

ὖὠ

Ὑ Ὕ
Ȣ (28) 

However, since pressure is not constant, it must be calculated for each bubble individually. This 

process begins by determining the velocity of each bubble in each frame. Assuming the bubble 
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moves strictly horizontally, the velocity is calculated by tracking the x-position of the bubble's 

centroid across frames. The velocity in each frame is then given by: 

 ὺ ὪὶὥάὩὶὥὸὩᶻὼ ὼȟ (29) 

where ὼ represents the x-position of the bubbleôs centroid and the subscript denotes the frame 

being analyzed. Since this formula cannot be applied to the last frame in which the bubble appears, 

it is assumed that the velocity in the last frame is the same as in the second-to-last frame. 

The velocity is used to calculate the Reynolds number using Equation (8). Since the 

Reynolds number is less than 2000 in all tests, the flow is assumed to be laminar. Based on this 

assumption, the Darcy friction factor is calculated using: 

 
Ὢ 

φτ

ὙὩ
Ȣ 

(30) 

This factor is then used to calculate the pressure drop along the flow path: 

 
Ўὖ Ὢ 

ὒ

Ὀ

ρ

ς
”ὺ   (31) 

where ὒ is the length of the pipe the pressure drops through, Ὀ is the characteristic length of the 

pipe, and ” is the density of the medium. The outlet of the injector is assumed to be at atmospheric 

pressure. Therefore, the pressure at each point in the microfluidic device is calculated by adding 

the pressure drop from Equation (31) to atmospheric pressure. The distance between the outlet and 

the edge of the frame is 12.5 millimeters, and this value is added to the x-position of the bubble's 

centroid and substituted into Equation (31) as ὒ.  

With the pressure known, the mass of each bubble in each frame is calculated using 

Equation (28) The calculation of the average bubble mass is considered more accurate since it 

relies on fewer unvalidated assumptions. As such, the mass results calculated using the cylinder 
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stacking method are normalized to the average mass derived from the frequency analysis. This was 

done by obtaining a correction factor given by: 

 
ὃ

ά

ά
 (32) 

where ά  represents the average mass calculated from the frequency, and ά  

represents the average mass calculated by the cylinder stacking method. The individual masses of 

each bubble were then multiplied by this correction factor. 

Finally, the masses for each condition are converted back to volume, assuming the pressure 

in the test section is atmospheric plus the hydrostatic pressure of the surrogate fluid, measured as 

47 inches above the point of measurement. Using Equation (28). With Equation (10), the volume 

can be converted to equivalent diameter. 

 

4.3. Experimental Setup Inside Loop 

 

The injector is designed to control the size of the bubbles produced in the test section, so it 

is essential to verify its full functionality by capturing images of the bubbles within the test section. 

For these tests, the complete injector assembly is fastened securely to the test section. 

As in the outside loop tests, the first critical step for the inside loop tests is preparing the 

glycerin-water mixture. This process begins by weighing a 5-gallon bucket of glycerin (denoted 

as ὡ ) on a scale with a resolution of 0.05 pounds. The bucket is then emptied into an empty 15-

gallon tank. The bucket is reweighed (denoted as ὡ ), and then filled with water and weighed 

again (denoted as ὡ ). After emptying the bucket into the tank, the bucket is reweighed 
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(denoted as ὡ ). These measurements allow for the calculation of the amount of glycerin added 

to the tank using the formula: 

 ὡ ὡ ὡ Ȣ (33) 

ὡ  is used instead of ὡ  due to residual glycerin left in the bucket during the initial 

measurement. Next, the amount of water added to the tank is determined using the relation: 

 ὡ ὡ ὡ Ȣ (34) 

Finally, the total amount of water required is calculated as: 

 
ὡ

πȢφυ

πȢσυ
ὡ
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ὡ Ȣ 

(35) 

With this, the amount that was still needed to be added can be determined with: 

 ὡ ὡ ὡ ὡ  

ὡ ὡ ὡ ὡ ȟ 

(36) 

where ὡ  and ὡ  represent the weights of water added in the second and third buckets. The 

bucket is then refilled with water and weighed again (denoted as ὡ ) then emptied into the tank. 

The weight added from the second bucket of water is determined similarly to Equation (23): 

 ὡ ὡ ὡ Ȣ (37) 

Finally, the weight of water in the third bucket is calculated by: 

 ὡ ὡ ὡ ὡ ὡ Ȣ (38) 

Water was then added to the third bucket until it reached that weight, and it was added to the tank. 

Since the pump is not rated for high density liquids such as glycerin the mixture must be 

manually stirred to ensure the glycerin is not settled at the bottom before the pump is run. After 
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this initial mixing, the pump circulates the fluid through the test section at maximum speed for 

further homogenization. Glycerin is highly soluble in water, so once it is mixed in the first time, 

this step is no longer required. Since this process introduces small bubbles into the fluid, the 

mixture must sit for 30 minutes with the pump off before testing can proceed. 

The test setup, shown in Figure 4.14, is more complex than the outside loop setup but 

remains straightforward. A high-speed camera on a tripod was positioned facing the test section, 

capturing a region 12 inches above the injection site. The light source was clamped to the 

aluminum structure on the opposite side of the test section. The syringe pumps and light controller 

were placed on a cart next to the aluminum structure. 
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Figure 4.14: Picture of inside test loop experimental setup 
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A total of 25 injection conditions were tested, with each trial capturing 500 images at 60 

frames per second and a shutter speed of 1/4000 of a second. These conditions were composed of 

five surrogate fluid flow rates paired with five different air flow rates. The flow rates for each 

substance are detailed in Table 4.2. The flow rates for the air injection were again corrected as 

outlined in Section 4.1. The flow rate in the test section, measured by the flow meter, was 3.55 

gallons per minute, which, after correction using Equation (21), corresponded to a true volumetric 

flow rate of 3.3976 gallons per minute. This flow rate produced an average fluid velocity of 0.71 

m/s in the test section. The relatively low frame rate ensured that no two frames captured the same 

bubble, maximizing the number of bubbles analyzed per frame and eliminating the need for 

complex processing strategies to handle bubbles appearing in consecutive frames. 

 

Table 4.2: Injection flow rates 

Glycerin-Water Mixture 

Injection Rate (mL/hr)  
100, 110, 120, 130, 140 

Gas Injection Rate (mL/hr) 40.58, 54.10, 67.63, 81.16, 94.68 

 

 

It is important to note that there was minimal overlap between the flow conditions tested 

in the inside and outside loop experiments. During initial tests, air pockets formed at the injection 

site, an issue that diminished when the liquid flow rate increased. It is likely that the injector's 

performance was affected by the pressure at the injection site. For comparable injection 

conditions, the air inlet pressures in the inside loop tests were on average 0.13 psi lower than 
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those in the outside loop tests. Since the static pressure at the injection site was not measured and 

several uncontrolled variables were present, accurately estimating this pressure was not possible. 

For example, the outlet tube feeding into the tank was partially filled with surrogate fluid during 

tests, and the amount of fluid was not measured, making it difficult to estimate a reference 

pressure. Future tests should incorporate pressure gauges at various points in the test section to 

collect more precise reference pressures. It is clear that static pressure at the injection site 

influences the injector's performance, so this dependency should be studied further, especially for 

applications where the static pressure significantly deviates from atmospheric pressure.  

To determine the pixel-to-millimeter conversion factor for the images, calibration sheets 

were placed on both the near and far sides of the test section. The possibility of a different 

conversion factor in the middle of the test section was considered, but the conversions from both 

sides were identical, making this step unnecessary.  

 

4.4. Image Processing Inside Loop 

 

The processing of the images for the inside loop tests is much simpler. Like the outside 

loop image processing, the process begins by importing the raw image as displayed in Figure 4.15.  

 



94 

 

 

Figure 4.15: Raw image of inside test loop bubbles 

 

Although the calibration sheets are visible on the right side of the image, their details are 

indistinguishable due to backlighting. To properly calibrate the pixel-to-millimeter conversion, a 
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front-lit image is required, as shown in Figure 4.16. 

 

Figure 4.16: Calibration image for inside loop tests 
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Next, a background image is created by analyzing 100 frames and identifying pixels that 

remain consistent across all the images. The resulting background image is shown in Figure 4.17.  

 

Figure 4.17: Background image 
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Using this background image, a region of interest is identified, and the raw image is 

cropped to include only the relevant parts for analysis. The cropped image is displayed in Figure 

4.18. 

 

Figure 4.18: Cropped image of inside test loop bubbles 
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The cropped raw image is then subtracted from the cropped background image so that 

image is inverted and the only entities that remain are those that are unique to that frame. The 

result is displayed in Figure 4.19 

 

Figure 4.19:Inverted image of inside test loop bubbles 
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As in Section 4.2, the image is saturated by adjusting the top 1% of pixels to value 1 and 

the bottom 1% to value 0, enhancing contrast. The result is displayed in Figure 4.20. 

 

Figure 4.20: Saturated image of inside test loop bubbles 

 

The image is then passed through a median filter, as detailed in Section 4.2. The filtered 

image is shown in Figure 4.21. 
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Figure 4.21: Filtered image of inside test loop bubbles 

 

Following this, the image is binarized similarly to the process outlined in Section 4.2. The 

binarized image is displayed in Figure 4.22 
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Figure 4.22: Binarized image of inside test loop bubbles 

 

Next, any holes within the individual bubbles are filled, as shown in Figure 4.23.  
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Figure 4.23: Binarized image of inside test loop bubbles with the bubbles filled in 

 

Entities that are either too small (having less than half the number of pixels as the smallest 

expected bubble) or too large (having more than twice the number of pixels as the largest expected 

bubble) are then removed from the image, as shown in Figure 4.24. 
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Figure 4.24: Binarized image of inside test loop bubbles with big and small bubbles removed 

 

It is only of interest to this study to analyze individual bubbles. Particularly, the bubbles 

this study would like to evaluate are the smallest ones that come straight from the injector without 

joining together with any other bubbles. A convenient way to eliminate entities that are cut off on 

the borders of the region of interest as well as eliminate bubbles clumped together in groups is to 

eliminate bubbles with a circularity below a certain limit. The circularity is a number that 
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approaches 1 the more circular an entity is, and it is extracted for each element from the MATLAB 

ñregionpropsò function. The final image after applying the circularity filter is shown in Figure 

4.25. All of the image conversion processes for the inside of the loop test were done with one 

MATLAB script (see Appendix B).  

 

Figure 4.25: Final image used to calculate the size of the bubbles 
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Since the bubbles appear circular in the images, they are assumed to be spherical. This 

allows the equivalent diameter of the circles to represent the equivalent diameter of the spheres. 

This diameter is easily extracted from the images using MATLABôs ñregionpropsò function. It is 

evident from the images that some bubbles are significantly larger than others, likely due to the 

coalescence of two or more bubbles. Bubble coalescence is an expected phenomenon, but it is of 

interest to this study to analyze the size of these bubbles as they exit the injector and disregard 

coalesced bubbles as these would skew the results. To assess the validity of the coalescence 

assumption, the diameters of all the bubbles are plotted on histograms, as shown in Figure 4.26. 
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Figure 4.26: Histogram showing distribution of bubble volume 

 

The histogram shows three distinct modes, suggesting that the coalescence assumption is 

valid. The peaks are evenly spaced at multiples of the first peak, indicating that the first peak 

represents the true equivalent diameter of the bubbles exiting the injector. To refine this 

measurement, MATLABôs ñksdensityò function is used to generate a smoothed distribution of 

the equivalent diameters, as shown in Figure 4.27. The diameter corresponding to the first peak 
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in this distribution is taken as the diameter of the bubbles injected into the test section. 

 

Figure 4.27: Smoothed distribution of bubble diameter 

 

To further validate the accuracy of this method, the volumes corresponding to the 

equivalent diameters of the bubbles in the images are divided by the volume corresponding to the 

extracted diameter. A histogram of this data is shown in Figure 4.28. 
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Figure 4.28: Histogram of normalized bubble volume 

 

The histogramôs peaks at values of 1, 2, and 3 provide additional evidence supporting the 

coalescence assumption and the validity of the method used to calculate the diameter of the 

bubbles exiting the injector. 
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Chapter 5 

5. Results and Discussion 

5.1. Injector Test Results Outside The Test Loop 

 

Using the methods described in Chapter 4, the equivalent diameter of the bubbles produced 

by the injector was obtained. The results are displayed in the surface plot shown in Figure 5.1. 

While it is challenging to discern trends from the static plot alone, the expected general trend is 

evident: the equivalent diameter is positively proportional to the gas flow rate and negatively 

proportional to the liquid flow rate.  
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Figure 5.1: Surface plot showing the relation between the injection rates and equivalent diameter 

 

To better visualize these trends, the data were split into subplots. Figure 5.2 shows the 

behavior of the equivalent diameter as a function of liquid flow rate for each constant gas flow 

rate. These plots clearly illustrate that the equivalent diameter decreases as the liquid flow rate 

increases. 
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Figure 5.2: Grid plot displaying relationship between liquid flow rate and equivalent diameter 

 

Similarly, Figure 5.3 was created by holding the liquid flow rate constant and plotting the 

equivalent diameter as a function of gas flow rate for each liquid flow rate. These plots clearly 

show that the equivalent diameter increases as the gas flow rate increases. This trend aligns with 

the observations of Lu et al. (2014) and is intuitive: larger bubbles are expected when a higher 

fraction of the total injected volume is air. 


















































































