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ABSTRACT
Biodiesel is currently one of the world’s leading biofuels. It has many advantages over
other biofuels including: compatibility with current infrastructure, energy density, decreased
emissions, increased lubricity, and potential for extremely dense, non-competitive, biomass
farming. However, a number of challenges associated with biodiesel manufacturing limit
widespread production.
Previous work has established the benefits of ultrasonic mixing and microwave heating
in the production of biodiesel, but an integrated system has yet to come to fruition. This paper
is a chronicle of the experimental set-ups and analysis tools which have been developed, as of
January 2010, while in pursuit of a commercial system. The primary deliverable of this paper
is a list of recommendations for the next stage of development on a pilot-scale, continuous
flow, multi-energy biodiesel reactor.
The experimental set-ups examined in this document include two, multi-frequency
ultrasonic bath style reactors and two, combined microwave-ultrasound reactors. These
systems were integrate and analyzed using National Instruments, LabView programs written
exclusively for this project. The analysis methods used to evaluate the reactors include Fricke
Dosimetry; Calorimetry; frequency response sweeps; ANSYS Workbench modal analysis;
ImageJ optical analysis; Gas Chromatography; and measurements of temperature, pressure,
voltage, and power versus time.

iii

TABLE OF CONTENTS
LIST OF FIGURES .................................................................................................................................. VI
ACKNOWLEDGEMENTS .................................................................................................................... VIII
CHAPTER 1: INTRODUCTION ............................................................................................................. 1
1.1
HISTORY ............................................................................................................................................1
1.2
TRANSESTERIFICATION......................................................................................................................1
1.3
SONOCHEMISTRY ...............................................................................................................................5
1.3.1 Streaming .....................................................................................................................................6
1.3.1 Cavitation .....................................................................................................................................7
1.4
EMULSIONS .....................................................................................................................................11
1.5
MICROWAVE CHEMISTRY ................................................................................................................15
1.6
OBJECTIVES .....................................................................................................................................17
CHAPTER 2: ULTRASONIC SYSTEMS .............................................................................................. 18
2.1
THEORY ...........................................................................................................................................18
2.2
COMMERCIAL DESIGNS ...................................................................................................................20
2.3
MULTI-FREQUENCY REACTOR 1 (MFR-1) ......................................................................................22
2.3.1 Design ........................................................................................................................................22
2.3.2 Methodology ...............................................................................................................................23
2.4
MULTI-FREQUENCY REACTOR 2 (MFR-2) ......................................................................................26
2.4.1 Design ........................................................................................................................................26
2.4.2 Methodology ...............................................................................................................................35
CHAPTER 3: COMBINE MICROWAVE-ULTRASOUND REACTORS ........................................... 38
3.1
THEORY ...........................................................................................................................................38
3.2
HORN IN GLASS-METAL TRANSITION (HGMT)...............................................................................39
3.2.1 Design ........................................................................................................................................39
3.2.2 Methodology ...............................................................................................................................41
3.3
CONICAL GLASS FITTING (CGF) WITH MFR-2 ................................................................................42
3.3.1 Design ........................................................................................................................................42
3.3.2 Methodology ...............................................................................................................................44
CHAPTER 4: SYSTEM INTEGRATION .............................................................................................. 45
4.1
4.2
4.3
4.4
4.5

THEORY ...........................................................................................................................................45
FREQUENCY RESPONSE SWEEPS ......................................................................................................46
FREQUENCY OPTIMIZATION PROGRAM............................................................................................48
PRECISION MEASUREMENT PROGRAM.............................................................................................51
EMULSION ANALYZER .....................................................................................................................52

CHAPTER 5: RESULTS ........................................................................................................................ 54
5.1
MFR-2 ............................................................................................................................................54
5.1.1 Dosimetry ...................................................................................................................................54
5.1.2 Calorimetry ................................................................................................................................58

iv

5.2
HGMT ............................................................................................................................................64
5.2.1 MW&US, Separate or simultaneous...........................................................................................64
5.2.2 GC Results, Continuous Loop ....................................................................................................66
5.3
CGF WITH MFR-2 ...........................................................................................................................67
5.3.1 Superheat vs. Constant 55° C .....................................................................................................67
CHAPTER 6: CONCLUSION ................................................................................................................ 70
6.1
6.2
6.3

REVIEW OF OBJECTIVES ..................................................................................................................70
CONTRIBUTIONS ..............................................................................................................................70
FUTURE WORK ................................................................................................................................71

BIBLIOGRAPHY ................................................................................................................................... 73

v

LIST OF FIGURES
Figure 1: Stoichiometric Chemical Equation of Transesterification (3) .............................................. 2
Figure 2: Mechanism of base catalyzed transesterification (4).......................................................... 3
Figure 3: Samples removed from various stages of the reaction ....................................................... 4
Figure 4: Collapse of cavitation bubble showing micro-jet (3) ........................................................... 8
Figure 5: Blake Threshold, acoustic pressure required to cause cavitation (11) ............................... 9
Figure 6: Relationship that controls maximum size of a cavity (12)................................................. 10
Figure 7: A theory of ultrasonic emulsification (11) ......................................................................... 12
Figure 8: Emulsion caused by microjet (13) ..................................................................................... 13
Figure 9: Emulsion size distribution of 22 kHz horn run at 300 watts (half) vs. 600 watts (full) (17)
.......................................................................................................................................................... 14
Figure 10: Size distribution of emulsions with different molar ratios of alcohol to oil (17) ............ 14
Figure 11: Size distribution of 6:1 emulsion vs. frequency (17) ....................................................... 15
Figure 12: Visual explanation of difference between heat conduction and MW heating ............... 16
Figure 13: as the driving frequency, f, approaches the natural frequency, Fnatural, the amplitude can
increase drastically as damping is minimized................................................................................... 19
Figure 14: a typical, commercial 20 kHz probe style US system ...................................................... 20
Figure 15: A typical 40 kHz ultrasonic bath serving as a biodiesel reactor. The vapors seen are
atomized methanol. ......................................................................................................................... 21
Figure 16: MFR-1 with infrared thermocouple ................................................................................ 23
Figure 17: Reaction Completion vs. Time at three frequencies ....................................................... 24
Figure 18: Reaction temperature vs. time at approximately 30, 60, & 90 kHz ................................ 25
Figure 19: Displacement at resonator surface as a function of voltage across transducers ........... 26
Figure 20: Frequency response sweep of two resonant lengths ..................................................... 27
Figure 21: A natural frequency around 30 kHz................................................................................. 28
Figure 22: A useful natural frequency around 68 kHz ...................................................................... 28
Figure 23: A potentially harmful natural frequency also around 68 kHz ......................................... 29
Figure 24: A natural frequency around 93 kHz................................................................................. 29
Figure 25: MFR-2 .............................................................................................................................. 30
Figure 26:MFR-2 with housing and cooling jacket ........................................................................... 31
Figure 27: MFR-2 fully assembled with cooling jacket ..................................................................... 31
Figure 28: Frequency response sweeps of MFR-2 with oil cooling jacket........................................ 32
Figure 29: Frequency response around 34 kHz of MFR-2 with oil cooling ....................................... 33
Figure 30: Frequency response around 64 kHz of MFR-2 with oil cooling ....................................... 33
Figure 31: Frequency response around 90 kHz of MFR-2 with oil cooling ....................................... 34
Figure 32: Diagram displaying flow of energy in calorimetry experiment ....................................... 36
Figure 33: graph displaying the dielectric loss constant of methanol with various concentrations of
catalyst (17) ...................................................................................................................................... 38
Figure 34: HGMT reactor in MW oven filled with reactants ............................................................ 40
vi

Figure 35: US resonator inside secondary MW shielding cage under microwave cavity ................. 43
Figure 36: evidence of standing waves in CGF reactor during flow through emulsification tests ... 44
Figure 37: front panel of LabView program used for frequency response sweeps ......................... 46
Figure 38: LabView block diagram of frequency response sweep program displaying execution
methodology .................................................................................................................................... 47
Figure 39: project explorer displaying the frequency optimizers more complicated dependencies
.......................................................................................................................................................... 48
Figure 40: frequency optimizer front panel displaying inputs and runtime outputs ....................... 49
Figure 41: initialization portion of frequency optimizer's block diagram ........................................ 50
Figure 42: iterative loop structure and shutdown portion of block diagram................................... 51
Figure 43: microchannel used for feasibility assessment of emulsion analyzer, units in mm ......... 53
Figure 44: absorption spectrum for 27 kHz, various gains ............................................................... 54
Figure 45: zoomed in around 302 nm absorption spectrum for 27 kHz at various gains ................ 55
Figure 46: zoomed in around 302 nm, absorption spectrum of 68 kHz at various gains ................. 55
Figure 47: absorption spectrum, centered around 302 nm, for 90 kHz at various gains ................. 56
Figure 48: absorption vs. gain at 27, 68, and 90 kHz US irradiation................................................. 56
Figure 49: linear portion of absorption vs. gain graph at 27, 68, and 90 kHz .................................. 57
Figure 50: Temp vs. Time at 28 kHz, 30% gain ................................................................................. 59
Figure 51: Temp vs. Time at 68 kHz, 40% gain ................................................................................. 59
Figure 52: Temp vs. Time at 94 kHz, 40% gain ................................................................................. 60
Figure 53: Trend between Power Dissipated in transducers, Voltage across the transducers, &
Electrical Efficiency ........................................................................................................................... 61
Figure 54: equation for determining power by calorimetry ............................................................ 61
Figure 55: Dissipated Power at 28 kHz, 30% gain............................................................................. 62
Figure 56: Dissipate Power at 68 kHz, 40% gain............................................................................... 62
Figure 57: Dissipated Power at 94 kHz, 40% gain............................................................................. 63
Figure 58: simultaneous MW and US, 0% catalyst ........................................................................... 64
Figure 59: simultaneous MW and US, 0.1% catalyst ........................................................................ 65
Figure 60: simultaneous MW and US, 0.3% catalyst ........................................................................ 65
Figure 61: continuous loop, reaction completion vs. time............................................................... 66
Figure 62: reaction temperature during continuous loop experiment ............................................ 67
Figure 63: temperature and pressure of soybean oil as heated in MW and pulsed with US .......... 68
Figure 64: temperature and pressure of methanol as heated in MW and pulsed with US ............. 69

vii

ACKNOWLEDGEMENTS
The author would like to thank AE Resources, in particular Chris Getty, for their
financial support of this project.
Dr. Tittmann and Dr. Kropf for their leadership on the project.
All those who worked alongside me: Ryan Johnson, Shawn Getty, Eric So, and Jesse
Rogers.
Dr. Milosavljevic and his students for your fresh perspective and expertise.
To Asheesh Lanba for his help with Mathematica.
Finally I would like to thank all my friends and family for their help and understanding
through this process.

viii

CHAPTER 1: INTRODUCTION
1.1

History
Believe it or not, diesel fuel came after the invention of the diesel engine. The first

diesel engine was designed to run on peanut oil in 1892, but with the refinement of crude
oil it was discovered that what is known today as diesel fuel works much better than
vegetable oils. Moving ahead 40 years, we come to World War II and a time where
demand for diesel fuel was high and supply was low. From this need came the idea of
making diesel fuel from renewable materials. Several processes were used based on
different constraints, but the process known as base catalyzed transesterification was
widely successful and is still the preferred method for making biodiesel today (1).
With the current base catalyzed transesterification method for producing biodiesel
there are two factors that are preventing it from becoming more widespread. The first, and
concern of this research project, is the cost and speed of production. The other is the
supply and cost of organic oils from which we make biodiesel. This concern lies outside
of my area of expertise, but the US Department of Energy has an ongoing research project
to obtain feedstock from algae. Theoretical yields are as high as 5,000 gallons of oil per
acre of algae with actual yields already reaching 819 gallons per acre, which is 600 gallons
per acre more than its nearest competitor (2).
With promising results such as these popping up all over the bio and agricultural
industry the possibility for a biodiesel based system is looking bright; especially since the
infrastructure for such a system is already in place. The only problem left to overcome is
in the industrial side of producing biodiesel, where the challenges lie within the
transesterification reaction itself.

1.2

Transesterification
As stated before transesterification is the reaction used to make biodiesel. It is a

heterogeneous, equilibrium reaction. This means that unlike solution chemistry where it is
1

safe to assume an even distribution and interaction of the reactants, transesterification has
added complications. The reactants are immiscible, like the expression oil and water;
therefore the reaction can only occur at the interface of the two reactants, not through the
entire volume. This means that the reaction surface area, or degree of mixing, has a large
impact on the rate the reaction can proceed.
The fact that it is an equilibrium reaction means that it is constantly reacting from
both the left to the right, and the right to the left; this can be seen in the Fig. 1 below,
denoted by the double arrow. A large number of factors control the state of this
equilibrium, which is expressed in terms of percentage completion: the ratio of the mass of
the remaining reactants (mono, di, and triglycerides) to the total mass of the reacts initially
(at time t=0).

Figure 1: Stoichiometric Chemical Equation of Transesterification (3)

Transesterification has two ingredients: triglyceride, known as feedstock in
industry but it is essentially any kind of vegetable oil or fat, and alcohol. In the diagram
above, Fig. 1, you can see that the triglycerides contain three different R’s. The R stands
for a carbon chain, and depending on the feedstock the three R’s can be composed of any
combination of carbon chains with various lengths and structural elements. Similarly the
alcohol can really be any alcohol, but the one used most commonly is methanol. This is
because the shorter the R, carbon chain, on the alcohol, the more easily the reaction will
run. The diagram also portrays the perfect stoichiometric ratio for running the reaction, 3
moles of alcohol per 1 mole of triglyceride.
The catalyst can be a variety of things from acids or bases, to enzymes, to purely
physical conditions like the high temperature and pressures of supercritical reactions. The
idea of the catalyst is to either reduce the amount of energy a molecule of methanol needs
to split off a fatty acid (or an R group) as is the case with base catalysis, or to provide the
2

reactants with enough energy that the split will occur spontaneously upon molecular
interaction. The diagram seen in Fig. 2 below shows the step by step mechanism by which
base catalyzed transesterification will proceed.

Figure 2: Mechanism of base catalyzed transesterification (4)

As you can see reaction runs by splitting the carbon chains off of the triglyceride
molecule one at a time and combing them with the alcohol. This combination is known as
an ester and is the desired product, biodiesel. This study uses methanol exclusively so the
R group is always just one carbon, but the R’, R”, and R’” will vary with the oil used;
products of transesterification with methanol are known as methyl esters. When all three
of its carbon chains are split off the backbone of the triglyceride and replaced with the
hydroxyl groups (OH) from the alcohol you have a byproduct known as glycerol which is
immiscible with the other products; this needs to be separated from the esters, but it is a
very valuable chemical in itself to other industries. In a reaction that has run fully to the
right side there will only be methyl esters, catalyst, and glycerol, but in reality this rarely
happens and must be carefully controlled to get to the ASTM spec of 99.74% conversion.
This means that under a certain condition the reaction will come to a stop with a
given percentage of the initial ingredients remaining unreacted. As discussed above the
3

amount and type of catalyst being used affect this equilibrium state as do temperature,
pressure, and the proportion of the reactants vs. the products. For example, triglycerides
that have only had one or two chains split off of them can occur and are known as di and
monoglycerides respectively. The reaction is also typically run with more than the
stoichiometric 3:1 molar ratio of methanol because it shifts the state of the equilibrium
more heavily in favor of the products, but this also means that there will be methanol
dissolved in the products. We can also trick the equilibrium into favoring the right side by
removing the glycerin as it settles out, as can be seen in Fig. 3 on the next page, so the
reaction will continually try to increase the glycerin concentration until there are no more
reactants left. These tricks will control the final state of the equilibrium, but in addition to
the type and concentration of catalyst they will control how fast the equilibrium state is
reached, or the rate constant.

Figure 3: Samples removed from various stages of the reaction

Base catalyzed transesterification is preferred by industry and has been for years
because it’s simple, reliable, and safe. The only problem is that the reaction is still slow
and almost exclusively limited to batch processing. It produces byproducts like soap,
especially if the feedstock is not carefully processed beforehand, which must be removed
before being used as fuel. A single batch can take anywhere from 1-12 hours and use a
catalyst concentration of 1-7% weight-by-weight of triglyceride (5). This means that one
of the best ways to produce biodiesel faster is by increasing the size or number of batches,
4

but this results in larger capital investments. The reaction rate also highly depends on the
amount of energy put into each batch, a recurring cost, in the form of heat or mixing.
The use of supercritical conditions is by far the fastest method of running the
reaction, but it is also the most energy intensive. The capital costs associated with a
supercritical reactor are in most cases even greater than a large scale base catalyzed plant
because of the safety concerns with operating at over 240 degrees C and 1,175 psi (5).
Under these conditions the methanol is in a supercritical state and can actually dissolve in
the feedstock achieving total molecule-molecule interactions with very high energies. The
high energy possessed by the methanol gives it a high probability of being able to split off
a fatty acid chain upon interaction.
There are multiple theories pertaining to the mechanism which governs the rate
constant, but it is difficult to say who is right as the reaction is heterogeneous and highly
dependent on conditions. There are multiple studies that have been done exclusively on
determining the rate constant for given reaction conditions, but this study will focus
instead on holding time constant and determining the extent to which the reaction is able to
run in that time (6) (7).
The nonlinear effects associated with high intensity ultrasound provide extremely
efficient methods of mixing that can benefit base catalyzed transesterification, but they
also provide localized spots of high temperatures and pressures that fall well into the
supercritical regime. In the end the more energy put in, the faster the reaction will go, but
biodiesel is just energy stored chemically so a balance must be struck for it to be
economical; no one would want to give up 10 dollars for a 5 dollar bill, which is a common
concern with other biofuels like ethanol.

1.3

Sonochemistry
Sonochemistry is a particular branch of chemistry which studies the influence of

pressure waves on chemical reactions. This paper will be discussing the effects of high
frequency, ultrasonic, pressure waves on a particular chemical reaction, base catalyzed
transesterification. The word “acoustic” can refer to pressure waves of audible and
inaudible frequency, but in this paper it will be used interchangeably to refer to both high5

frequency (ultrasonic) pressure waves and pressure waves in general. Sonochemical
effects on this reaction will be highly influence by the inhomogeneous nature of the
reaction.
Sonochemical effects are almost exclusively a result of two phenomena: streaming
and cavitation. Literature and personal experience show that of the two, cavitation is the
more significant contributor to sonochemical effects.
1.3.1

Streaming
Streaming is the transfer of momentum from the pressure waves to the fluid.

Typically acoustic waves propagate through a fluid linearly, and thus do not contribute any
net motion, or energy, to individual “packets” of fluid; Sonochemistry however deals with
“high-intensity” pressure waves. High-intensity acoustic/ultrasonic waves propagate nonlinearly, and thus as they propagate they can contribute energy to the medium. This fluid
medium can be either a liquid or gas, but due to the focus of this paper on
transesterification fluid will refer exclusively to liquids.
In the case of streaming, the energy that these high-intensity waves contribute
manifests itself in the form of motion in the fluid. This motion resembles currents which
travel away from the radiating surface and circulate back around through regions of lower
intensity.
This results in a macroscopic mixing of the fluid and potentially an atomization
effect, if the acoustic wave’s radiating surface is close enough to the surface of the liquid.
Since transesterification for the majority inhomogeneous and diffusion limited, emulsion
dynamics play an important role in reaction kinetics. Streaming affects dynamics of
emulsion stability by contributing momentum to dispersed droplets; emulsion stability will
be further addressed in section 1.4, “Emulsions.”
Several acoustic parameters effect streaming: frequency, intensity, and attenuation.
It can be noticed that for a given intensity, if the frequency is increased the velocity of the
streaming currents will increase dramatically. This is a result of the nonlinear effect of
attenuation. It is equally important to note that attenuation is dependent on the medium in
which the acoustic wave propagates. Since transesterification has two distinct phases

6

which change slowly over the course of the reaction, streaming will depend not only on the
ratio of the reactants, but also on the stage of the reaction.
Research is currently underway to exploit this change in the nonlinear properties of
the transesterification reaction for use in sensors.
1.3.1

Cavitation
Nonlinear wave propagation is also responsible for the driving force behind most

sonochemical reaction, transesterification being no exception. Cavitation occurs when
pressure differential between the compression and rarefaction side of a pressure wave is
large enough to cause the growth of voids, or cavitation bubbles, in the liquid. If the
pressure differential is large enough these bubbles can form spontaneously from the liquid,
akin to a “mechanical boiling;” however, it is more often the case that gases dissolved in
the liquid or microscopic bubbles trapped in the surface of the container are forced to
expand. These cavitation events continue to expand as a form of resonance with the
ultrasonic irradiation until they reach a critical size. This critical size is governed both by
properties of the ultrasonic irradiation, including frequency and intensity, and properties of
the liquid system.
When the cavitation bubbles reach their critical size they collapse and form a
microjet. Upon the collapse of these bubbles tremendous amounts of energy are released
over a very small area. This results in extreme conditions: pressures exceeding 1000 atm,
temperatures exceeding 5000 C, and velocities approaching the speed of sound in the
medium (8). These extreme conditions have several different effects on chemical
reactions.
One of these effects is the generation of free radicals. It can be seen from figure 2
that in transesterification the generation of methanol free radicals will help drive the
reaction to completion. Some studies show that under extreme conditions, cavitation can
generate small amounts of biodiesel without catalyst (9). The majority of recent literature
however has written this off as being uneconomical. This current research agrees that
cavitation is the primary benefit of ultrasound to transesterification through the act of
micro-mixing (10).

7

Micro-mixing is caused by the collapse of cavitation bubbles. The collapse
typically occurs when the bubble comes in contact with an interface, liquid-liquid or
liquid-solid. During the collapse a fast moving jet of fluid is produced that travels through
the center of the bubble and into the interface, as seen below.

Figure 4: Collapse of cavitation bubble showing micro-jet (3)

When the interface is solid-liquid, cavitation has strong erosion properties. When the
interface is liquid-liquid, efficient micro-mixing occurs. In the case of transesterification,
an emulsion is formed. The formation of an emulsion is affected by a number of
parameters both acoustic and fluid. The acoustic parameters, frequency and intensity, will
be discussed in this section and the fluid parameters in section 1.4 on emulsions.
For intensity, there is a condition known as the Blake Threshold which must be
exceeded in order for cavitation to occur at a particular frequency or nucleation site.
Figure 5 below is a graph that demonstrates the Blake Threshold via a graph of acoustic
pressure vs. frequency.

8

Figure 5: Blake Threshold, acoustic pressure required to cause cavitation (11)

Now for a given frequency material system there is a maximum size to which that
frequency can excite the bubble. In addition to frequency, this relation is governed by a
host of material properties like: P0=hydrostatic pressure in the atmosphere, σ=surface
tension, ρ=density, and γ=specific heat ratio of the gas. Figure 6 on the next page shows
this relationship and a graph of critical bubble size vs. frequency.

9

Figure 6: Relationship that controls maximum size of a cavity (12)

The results in a pseudo cutoff frequency where any higher frequency will not be
able to excite any bubbles, and will be nearly impossible to generate the pressure necessary
to spontaneously cavitate (13). Another well documented trend is that as frequency
increases, though the cavities are smaller, they become more numerous (11).
The importance of the size and number of these cavities comes into play when they
reach their critical size and catastrophically collapse. Depending on the size of the bubble
the subsequent waves may be able to cause a resonant system with the bubble. If the
frequency of the ultrasound is less than the resonant frequency, the bubble will just
dissolve back into the liquid; if the frequencies match the bubble will grow stably to its
maximum size; when this size is reached a sufficient compression cycle can cause a violent
collapse or inversion of the cavity (14). The collapse of these bubbles will always occur at
an interface which can be liquid-solid, liquid-gas, or even liquid-liquid. Upon the collapse
of this bubble an incredible amount of energy is released at an extremely localized spot;
some models estimate up to 5000 C and 1000 atm (3). The potential energy that the
bubble can release is related to the difference in size between the initial void and the
10

critical size. The greater this ratio the more energy the bubble will expel on collapse.
Essentially this means that lower frequencies have the potential to make bubbles which
will release more energy upon collapse. This is because at lower frequencies a given
bubble will have the potential to grow to larger sizes before collapses. The trade off is that
the higher the frequency the more cavitation bubbles, even though they are smaller and less
energetic.
Until the 90’s the energetic collapse of the bubbles and thus lower frequencies were
assumed to be the best method for cavitation contributed to chemical reactions. Thompson
discussed a study that showed the oxidation of iodine, an homogeneous ionic reaction, to
occur 31 times faster at 900 kHz and 25 watts rather than at 20 kHz and 39 watts (8). This
demonstrated that there was still potential for tailoring frequency for particular chemical
reactions. In the case of biodiesel, it has been well established that both conventional and
ultrasonically aided base catalyzed transesterification benefit from fine emulsions.

1.4

Emulsions
Both theories on emulsions agree that cavitation is necessary for emulsification.

One theory presented by Abrimov, believes that has stable cavitation bubbles migrate
across liquid-liquid interfaces they pull with them droplets of the one phase and release
them in the other; this can be seen on the next page in figure 7.

11

Figure 7: A theory of ultrasonic emulsification (11)

The other more dominant theory is that the violent collapse of a bubble on the
liquid-liquid interface projects a thin high speed jet of fluid, moving at almost the speed of
sound, from one phase into the other, which eventually loses its energy in the other phase
and separates into droplets (15); Fig. 8 on the next page illustrates this theory.

12

Figure 8: Emulsion caused by microjet (13)

A common misconception would be to think that the more powerful or intense the
ultrasound is the better the emulsion. A study by Chucheval and Chow actually indicated
that power didn’t have any significant effect on the final size of the emulsion, but rather
just the rate of emulsification; the more power the faster the final emulsion size could be
reached (16). Dr. Kropf and the author confirmed this with some experiments using a 22
kHz ultrasonic probe. The graph in figure 9 on the next page shows that it was found that
higher power actually resulted in more distributed and less stable emulsions.

13

Figure 9: Emulsion size distribution of 22 kHz horn run at 300 watts (half) vs. 600 watts (full) (17)

The concentration of the two phases also has a lot to do with the emulsion
dynamics and stability. Dr. Kropf and the author also studied the effect of ultrasound on
different molar ratios in an effort to explain why a 6:1 molar ratio always seemed to work
best. Figure 10 below shows that as expected the 6:1 molar ratio had the tightest size
distribution and was thus chosen as the control ratio for successive studies.

Figure 10: Size distribution of emulsions with different molar ratios of alcohol to oil (17)

In reality frequency has the greatest effect on the minimum size of the emulsion.
There are numerous studies that have been done to verify this claim and try to predict the
outcome (18) (16). Currently no one has been able to reliably predict the size and
distribution of an emulsion from a given set of ultrasonic conditions. Dr. Kropf and the
author have personally verified that a higher frequency results in a finer emulsion, but we
14

were unable to verify the quantitatively measure the difference in acoustic intensities and
number of cavities generated. Our results below in figure 11 confirm that the higher the
frequency the smaller the size of the emulsion.

Figure 11: Size distribution of 6:1 emulsion vs. frequency (17)

1.5

Microwave Chemistry
There are many different areas of research involving the chemical/material effects

of microwave (MW) radiation. Its effects are primarily divided into two categories:
thermal and non-thermal contributions.
Thermal contributions from microwaves are unique because of atypical heat
transfer. Most of the time, when heat is added to a process it is done through either
conduction or convection, particularly with conventional biodiesel processing.
Microwaves use a combination all three modes of heat transfer, radiation included. MW
heating begins when the waves are emitted into a medium. This portion of the process is
radiant heat transfer and thus has the benefits of wave propagation: i. e. scattering,
15

attenuation, propagation through a vacuum, etc. Eventually, all of the microwave energy
will be absorbed and turn to heat. The reason why is can also be considered conductive
heat transfer is because the microwaves are of an appropriate frequency to cause polar
molecules, like methanol to rotate. This periodic rotation causes friction and thus
conductive heat transfer.
The two mediums that MW will be propagating through in the case of the
transesterification reaction are primarily oil and methanol. Oil is very non-polar and does
not absorb MW energy very well, but methanol is significantly more polar and absorbs
MW energy very well. As discussed earlier transesterification is accelerated by increased
temperature, but the reaction is limited to only occurring at the interface between the
alcohol and oil. Conductive heat transfer is relatively slow at accelerating
transesterification as the reaction needs to be run at high volumes and oil makes up the
bulk of the total volume. While conduction must raise the temperature of the total reaction
volume in order to accelerate the reaction, MWs do not.
MWs pass through the oil portion of the reaction, losing very little energy, and
quickly dissipate the majority of their energy as heat in the methanol droplets. This
phenomenon is known as selective heating and, though atypical, it is still considered a
thermal effect. Below is a visual aid to assist the understanding of the selective heating
phenomenon.

Figure 12: Visual explanation of difference between heat conduction and MW heating
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Non-thermal contributions of MW in chemistry are typically considered hokum by
experts, particularly in liquid media. However, there is considerable evidence showing
improved sintering properties at high temperature which cannot easily be attributed to the
faster heating rates. The dominant theory is that a combination of the strong electric and/or
magnetic fields associated with different sintering processes produce localized plasmas.
This effect is limited to high temperature, solid-state reactions and thus has little to do with
the scope of this paper.

1.6

Objectives
The ultimate goal of this work is to produce a continuous flow MW-US biodiesel

reactor capable of producing fuel grade biodiesel at competitive rates with as little catalyst
as possible. That being said, it is quite a complicated endeavor. The focus of this paper is
on the stages of production leading up to the production of a pilot scale reactor.
The goal of this preliminary stage is thus to provide knowledge and
recommendations, based in experimental data, for the design and construction of a pilot
scale reactor. This paper will also discuss the procedures and systems that have been
developed in pursuit of this goal. As a result of the broad nature of the work herein, there
is an admitted lack of statistical verification; the objective of this work is not obtain solid
scientific conclusions, but rather the means for others to do so.
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CHAPTER 2: ULTRASONIC SYSTEMS
2.1

Theory
High-intensity ultrasonic waves have multiple well documented effects on chemical

reactions. The reason this is a difficult topic of research is because of the incredibly
interdisciplinary nature of the effect. The chemical effects of ultrasound begin as physical
effects, thus bridging the gap from chemistry into mechanics; however, it cannot be
forgotten that the ultrasonic waves must originate from something. The waves are
generated from a ceramic transducer and a resonant system, thus bridging the gap from
mechanics into electronics and materials.
The piezoceramic material used for this research was PZT Navy Type I sintered
into rings. It has a d33 coefficient of 275 X 10-6 µm/V. This means that for every volt
across the electrodes of the transducer it will strain 275 millionths of a micron in the
longitudinal direction. As one might suspect this is not nearly enough of a displacement to
generate a significant disturbance in a fluid. That is why resonance must be exploited.
Resonance is a familiar concept to anybody who has ever been pushed on a swing
set. The amplitude of a vibration, how high you swing, can be steadily increased if a small
force is applied repeatedly at just the right time. The timing is dictated by the natural
frequency of the system and the final height is ultimately determined by the amount of
force applied and the amount of energy lost in the system, also known as damping. Below
is a graph displaying the response of a system being driven around its resonant frequency
at various different levels of damping. The response, on the y-axis, is measured in terms of
a unitless ratio between the amplitude of the system, X, scaled by the stiffness of the
system, k, and divided by the amplitude of the driving force, Fo. The x-axis is a ratio
between the frequency of the driving force, f, and the natural frequency of the system,
fnatural. The different plots represent a systematic decrease in the damping coefficient from
a critically damped system, the plot with the lowest amplification ratio, to an undamped
system, the plot that goes off the chart.
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Figure 13: as the driving frequency, f, approaches the natural frequency, Fnatural, the amplitude can increase
drastically as damping is minimized

Since it is an electromechanical system, the resonance also applies to the electrical
properties of the system as well; this concept will be described in greater detail in the
design sections of this document. Both of these resonances will be affected by changing
temperatures, and reaction conditions, which necessitates a complicated electrical control
system. The interrelation of all these systems severely complicates the reporting of results
across fields.
Papers published on this topic are generally authored by someone specializing in
one of the aforementioned fields, but not all. Thus important details are often left out of
published findings by simple oversight. The purpose of this work was to design and
control a system from the ground up that could adequately monitor all of the numerous
input parameters that could potentially affect a chemical reaction.
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The principle benefit of ultrasound to the transesterification reaction for biodiesel is
mixing. There have been numerous studies done to determine whether or not cavitation
could produce enough free radicals to drive the transesterification reaction forward. The
consensus, including the opinion of this author, is that there is not a significant enough
amount of free-radicals produced to economically affect biodiesel production.
This means that the principle affect that ultrasound has on biodiesel production is
from mixing. The mixing occurs as a result of the collapse of cavitation events and
acoustic streaming; however acoustic streaming occurs on a much larger scale than the
cavitation collapse and it is the belief of this author and several others that it is more
generally detrimental to the formation of microemulsions.

2.2

Commercial Designs
Due to the difficulty of manufacturing ultrasonic systems, the majority of

publications use commercially available systems. These systems generally come in two
different styles: probes and baths.

Figure 14: a typical, commercial 20 kHz probe style US system

Probe systems are characterized by a resonant structure known as a horn. The horn
serves to amplify the vibrations of the transducers and radiate it over a smaller surface.
This generally results in higher intensities which can be empirically observed by the
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presence of significant streaming. Usually only the tip of the horn is immersed in the
reaction. This results in a “top-down” reaction system which is typically overlooked by
researchers who make no note of whether their radiating surface is in oil or methanol
phases. This is important because at such high intensities the wave propagation in the
liquid is extremely non-linear and the majority of the active sonochemical region lies in the
near field, very close to the horn tip. As a result this discourages standing waves and their
associated reaction properties.

Figure 15: A typical 40 kHz ultrasonic bath serving as a biodiesel reactor. The vapors seen are atomized methanol.

Bath style reactors, as seen above, are typically characterized by higher frequencies
and lower intensities. These are both due to the fact that bath styles rely on larger numbers
of high-power transducer stacks to generate large displacements over wider areas and
propagation through thin plates to minimize losses. Therefore, they usually irradiate
samples from the “bottom-up” or possibly the side. The figure above shows that the
emulsification/reaction can be significantly different if the reactor isn’t filled to a high
enough level to avoid atomization from the surface of the liquid.
Bath style reactors can be used in a direct manner, as seen above, or an indirect
manner. During indirect operation, the reactor is filled with degassed water, or other noncavitating fluid, that serves as a coupling media. The ultrasonic waves then propagate
through this region with relatively low loss and impinge on some type of separate reaction
vessel. This is beneficial because the coupling media can be actively cooled to isolate heat
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generated from the transducers, but this leaves room for error. If the reaction vessel is not
calibrated using some type calorimetry or dosimetry then it would be incorrect to assume
all the electrical energy dissipated by the transducers was absorbed by the reaction as
acoustic energy. Several excellent papers have been published on methods for
standardizing sonochemical reactors (19) (20), but they are not always followed.

2.3

Multi-Frequency Reactor 1 (MFR-1)

2.3.1

Design
The MFR-1 was designed as an attempt to minimize variation of reaction

parameters when testing at different frequencies. The figure below is a picture of the
MFR-1 and the IR thermocouple used to take temperature readings. The MFR-1
implemented a constant radiating surface area and a reflective plunger on top to maximize
the energy absorbed in the reaction chamber. The back mass below the transducer was
used to change the resonant frequency of the system.
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Figure 16: MFR-1 with infrared thermocouple

2.3.2

Methodology
The MFR-1 was used in an attempt to determine a trend between frequency and

reaction rate. Three separate reactions were run using a 6:1 molar ratio of methanol to
soybean oil at 0.5% NaOH by weight of oil, irradiated at three different resonant
frequencies: approximately 30 kHz, 60 kHz, and 90 kHz. Each data point below represents
a sample taken from the reaction vessel and analyzed using gas chromatography (GC)
according to the ASTM spec for determination of free and bound glycerol (21). The value
on the y-axis of approximate mass% completion is derived from the GC results by taking a
ratio of mass of the bound glycerol and the mass of the sample.
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Figure 17: Reaction Completion vs. Time at three frequencies

The experiment was designed to minimize the amount of heat that would be
transmitted into the reactor by losses in the transducer. This was done by limiting the
sonication to 30 second intervals and allowing time for the stack to cool in between. As
you can see in the figure below, the reactor was not efficient enough over the range of
frequencies being inspected to keep the reaction temperature constant.
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Figure 18: Reaction temperature vs. time at approximately 30, 60, & 90 kHz

From MFR-1 we are able to tell that the transducers must be actively cooled in
order to operate uniformly over a range of different frequencies. An attempt was made to
control the power transmitted into the reactor by developing a relationship between the
voltage across the transducers with the displacement at the surface. The data can be seen
below, but the results were inconclusive a result of the resonator operating outside the
limits of the Laser Doppler Vibrometer used to measure the displacement.
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Displacement vs. Signal Voltage (Vp-p)
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Figure 19: Displacement at resonator surface as a function of voltage across transducers

2.4

Multi-Frequency Reactor 2 (MFR-2)

2.4.1

Design
The design for the MFR-2 was based a cylindrical half-wavelength resonator. This

would allow maximum displacement at the ends and a minimum displacement at the
center. Two different resonant lengths were tested, 33 and 99 kHz. The graph below
shows a better resonant response at nearly all peaks was seen for the 99 kHz length, and
thus the MFR-2 was design to have its primary resonance at 99 kHz.
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Figure 20: Frequency response sweep of two resonant lengths

Below is a series of modal analyses plotting the fundamental frequencies of the 99
kHz resonator. The simulations were done in ANSYS Workbench V.11. This is a simple
tool which can be used to design different resonators because the natural frequency of the
resonator should match that natural frequency of the transducer stack in order to obtain
maximum amplitudes (11).
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Figure 21: A natural frequency around 30 kHz

Figure 22: A useful natural frequency around 68 kHz
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Figure 23: A potentially harmful natural frequency also around 68 kHz

Figure 24: A natural frequency around 93 kHz

The above ANSYS models show modes of vibration which can be excited by the
PZT transducers in order to induce cavitation at the top surface, which will serve as the
bottom of our reaction vessel, similar to an ultrasonic bath. Figure 23 illustrates the
volatility of the resonant frequency around 68 kHz; as this is not an odd harmonic
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cavitation is assumed to occur as a result of secondary strains caused by a primary strain in
the radial direction. This mode of resonance could easily be mistaken as a useful resonant
frequency when only looking at the electrical response of the system. This is because the
system will still resonate at this frequency, but the energy will be lost into the housing
through the mounting flange instead of into the reactor chamber.
Below is a Solid Works CAD drawing of the final resonator that will be used as a
testing platform for the methods described in greater detail throughout this document. The
nodal mounting flange had three holes in it and was designed to be the only place where
the resonator would be supported to minimize damping of the desired longitudinal modes.

Figure 25: MFR-2

The next step was the design of a jacket that would fit over the transducers and
mount against the nodal flange. The jacket was designed to be water tight so that either oil
or air could be flowed over the transducers to cool them effectively. Below is an image of
MFR-2 without the conical glass reaction chamber. Moving from left to right in the
picture first is the housing which will mount to the conical glass pipe fittings. Next is the
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nodal flange of the resonator. Finally the acrylic cooling jacket can be seen over the
resonator and against the nodal flange.

Figure 26:MFR-2 with housing and cooling jacket

Next is an image of MFR-2 fully assembled with the cooling jacket, its mounting
bracket, the housing and the conical glass piping which serves as our reaction chamber.

Figure 27: MFR-2 fully assembled with cooling jacket

Once the reactor was fully assembled a series of frequency response sweeps were
run on it systematically to determine how the operation of the resonator would be affected
by the cooling jacket and the cooling fluid, transformer oil. The first sweep, titled “Free”
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on the graphs below, was run with the resonator only; it was suspended by a string through
one of the bolt holes on the nodal flange to minimize damping to any mode of vibration.
The next sweep, titled “without jacket” was run with the resonator bolted into the housing
by the nodal flange. The third sweep, titled “with jacket”, added the cooling jacket to the
resonator and the housing. The fourth sweep, titled “with jacket and oil”, was the previous
steps with the addition of stationary cooling oil. The final step, titled “low flow, primed”,
was with oil circulating in the cooling jacket. The graphs illustrate this process focusing
incrementally on the areas with the best resonant responses.

Normalized Voltage Across Transducers
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Figure 28: Frequency response sweeps of MFR-2 with oil cooling jacket
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Figure 29: Frequency response around 34 kHz of MFR-2 with oil cooling
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Figure 30: Frequency response around 64 kHz of MFR-2 with oil cooling
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Figure 31: Frequency response around 90 kHz of MFR-2 with oil cooling

As a general rule based on operational experience, in order to operate the resonator
at high intensities a normalized voltage drop across the transducers of less than 0.5 must
occur. As you can see from the graphs above oil is not a feasible cooling media for the
transducers as it has to large a dampening effect on the resonator. However we can see
that the housing and the cooling jacket itself can potentially not inhibit certain resonant
modes.
A serendipitous discovery occurred during this exploration of using oil cooling in
the jacket. The modes of vibration present in the resonator can be discovered by using the
Clean Sweep program, to be discussed in detail in Chapter 4, in this incremental manner.
By comparing the different sweeps one can notice the appearance and disappearance of
certain resonant peaks. The direction/region of vibrations can be determined by damping
particular areas of the structure, like the oil in the jacket, and comparing the damped and
undamped frequency responses to see which peaks are affected the most.
For example, each minima on the graphs in figures 28-31 represents the location of
a resonant mode. As the system is electromechanical, these resonance modes are measured
as impedance drops in the system due to vibrational modes of resonance. The lower the
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minima, the larger the drop in impedance, and thus the better the system can be driven at
this peak. One vibrational mode that would cause unnecessary loss of energy in our
system would be a cantilever bending mode in the center bolt, seen in lower right of Figure
25. The minima on the graph that corresponds to this mode of vibration could be
determined roughly by a modal analysis. With a rough idea of where it would occur,
hypothetically speaking say the 34 kHz minima in Figure 29 is the bending of the bolt, the
identification of this minima could be completed by selectively damping it. In the example
case of Figure 29, the addition of oil should cause an increase in the minima by resisting its
motion, or damping it. The next step in the design process would be to clean up the
frequency response of our system by shortening the bolt.
Another example from Figure 29 is around the 37 kHz minima. This can be
assumed to be a vibrational mode in the center of the nodal flange, as seen in the modal
analysis of Figure 23, because as soon as the cooling jacket is clamped against this area,
the minima disappears.

2.4.2

Methodology
Two methods were used to calibrate the reactor: Fricke dosimetry and calorimetry.

In addition to these methods a series of transesterification reactions were run to try to
develop some correlation between frequency and reaction rate. This section will describe
the experimental methodology, and the results will be presented in Section 5,1. Due to
technical problems with the Gas Chromatograph, the results are not available for the
transesterification experiments at this time
Fricke dosimetry is a method to determine the sonochemical activity of the reaction
chamber. It is based on the premise that the collapse of cavitation events will generate free
radicals in the solution medium, in this case water. These free radicals then react with Fe2+
ions in the solution to neutralize the free radical and oxidize the Fe2+ into Fe3+ ions. These
Fe3+ ions can then be detected using ultraviolet spectroscopy. Their concentration is
determined using Beer’s law via an extinction coefficient well established in literature.
This method is a useful metric for calibration purposes as it is a standard method that
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determines the energy put into the solution by the collapse of cavitation events; as
discussed before the collapse of cavitation bubbles is responsible for the sonochemical
benefits on the transesterification reaction.
Calorimetry is a useful method for determining the energy balance of the MFR-2.
We can determine how much energy is being dissipated by the transducers by subtracting
the amount of reflected power our system sends back to the amplifier from the amount of
forward power sent to the transducers from the amplifier. A common problem with
literature published in this field is to assume that all of this energy is entered into the
system over the radiating surface area (22). In reality most piezoceramic transducers in
commercial systems operate in the ballpark of 85% efficiency, dissipating the rest of the
energy sent to them as heat. As all forms of energy are ultimately lost as heat we can
determine the amount of energy transmitted into our reactor by measuring the change in
temperature to our reaction chamber when filled with a known mass of water. By
neglecting energy lost in the transduction of the waves through our resonant structure we
can get a rough idea of how efficient our system is and a more quantitative idea of how
much energy is being transmitted to our reaction chamber.

Figure 32: Diagram displaying flow of energy in calorimetry experiment
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Figure 32 shows how the measurements were taken in for the calorimetry
experiments. Temperature measurements were taken using K-type thermocouples at points
Th and Tr on the resonator surface and in the reaction chamber respectively. The idea often
neglected in literature is that as the transducers operate their losses will generate heat
which will be conducted into the reactor as seen by the red, block arrow (22). As this
happens temperature Th will rise but as long as it is less than Tr it will not influence the
reaction directly. Changes to Tr will result from energy being dissipated in the reaction
chamber from the acoustic energy output by the transducers; this is the quantity which
concerns us and must be standardized. Finally, Qcooling represents the heat removed from
the transducers by means of the cold air flowing through the cooling jacket. This quantity
is unmeasured, but its effects can be seen by how it results in the delaying or elimination of
the heat generated in the transducers from affecting the reaction chamber.
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CHAPTER 3: COMBINE MICROWAVEULTRASOUND REACTORS
3.1

Theory
Microwaves are actually a broad range of the electromagnetic spectrum, from 300

MHz to 300 GHz by common definition. All of the work described in this paper was done
using conventional kitchen microwaves whose operation centers around 2.45 GHz.
Frequency is an important parameter when designing MW heating systems for several
reasons: resonance, dipolar relaxation, transmission, etc.
MW heating is a phenomenon that results from dielectric loss as the waves
propagate through a medium. Kitchen microwaves operate at 2.45 GHz because this is the
frequency with which water has the greatest dielectric loss. It is an appropriate frequency
for the work in this paper because the methanol and sodium hydroxide mixture used as
reactant for transesterification has a similar dielectric loss constant as water. This can be
seen below in Figure 33 taken from (17). Further justification for the use of 2.45 GHz
MW ovens is discussed in (17).

Figure 33: graph displaying the dielectric loss constant of methanol with various concentrations of catalyst (17)
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The MW in domestic kitchen microwave ovens are generated in a cavity style, air
cooled magnetron. These are among the most efficient methods for the generation of MW
energy, at approximately 70%. Skeptics question the use of MW based on this fact
because conventional methods of heating are 100% efficient and can use cheaper sources
of energy. The motivation behind using MW energy is that it can reduce the processing
time required by orders of magnitude, more than compensating for these inefficiencies. In
these preliminary stages of the project, the balance of energy is not a concern, but for the
commercial set-up a detailed energy balance report will have to be generated once all
systems are optimized.
In a conventional MW oven the magnetron transmits MWs into a multi-mode
resonant cavity. For the purpose of this work, this cavity had to be modified in order to fit
our reactors inside. Any holes larger than approximately 1 inch would develop significant
MW leaks through them. Various methods of sealing these leaks were used but the
concept is that all reasonable gaps had to be filled with an electrically conductive media
that was grounded to the MW chamber and the earth.
The MW intensity will vary inside a conventional MW oven based on the location.
The center was selected as the location for both of our reactors based on qualitative
observations: a given mass of water was heated most rapidly when placed in the center.
The combine set-ups were designed and used to determine the optimal order of
operations for pilot scale plant: MW then US, US then MW, MW and US simultaneously,
etc. They were also intended to establish residency time required to complete the reaction.

3.2

Horn in Glass-Metal Transition (HGMT)

3.2.1

Design
Virtually no MWs will leak through a hole less than one inch in diameter, in a

domestic kitchen MW oven. This is because the wavelengths of the majority of the MWs
transmitted by the magnetron are significantly larger than one inch. This means that no
extra methods of shielding needed to be undertaken for the holes added to the MW
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chamber for the inlet/outlet tubes or the IR thermometer; however, the hole for the reactor
needed to be approximately 2 inches in diameter. In order to seal the MW cavity and seal
the reactor cavity while still allowing MW to pass through the reaction chamber, transition
between a microwave transparent material, glass, and a conductive material, metal, was
needed.
In order to achieve this, a special pipe transition was ordered. It fused a section of
metal pipe to a section of borosilicate glass. The author fabricated a threaded insert for the
pipe to mount to the nodal point of a 20 kHz ultrasonic horn. Technical glass blower,
Doug Smith, then fused a quartz top on the reactor with two quartz tubes. An image of the
completed reactor can be seen below.

Figure 34: HGMT reactor in MW oven filled with reactants

As you can see from Figure 34, the HGMT reactor vessel fit into a 600 watt
domestic kitchen MW oven. The holes on the top are small enough to inherently prevent
leaks, but in order to prevent microwave leaks through the bottom, metal mesh was
grounded around the horn and to the outside of the microwave housing. It effectively
reduced MW leakage to a safe level, but never truly eliminated it.

40

3.2.2

Methodology
Two sets of experiments done in this reactor will be discussed: a series determining

whether US should be used before or during MW heating and a continuous circulation loop
for determining residency time.
The series of experiments used a 3:1, 6:1, and 9:1 molar ratio of methanol to pure,
virgin, soybean oil as the reactants. Catalyst was also varied from 0.0%, 0.1%, and 0.5%
by weight of oil; the catalyst was sodium hydroxide dissolved in methanol. Finally, for
each molar ratio of reactants and catalyst two trials, USMW and MW+US, were run
making 18 separate reactions.
In both the USMW and MW+US cases, the reactants and catalyst were pumped
into the reaction vessel to a level just below the top of the reactor, before entering the
outlet pipe. They were both emulsified using continuous irradiation of the 20 kHz horn at
half power, approximately 300 watts, for 30 seconds. In the USMW case, after this
emulsification step the US was turned off completely and the MW was turned on full
power, 600 watts. When the reaction began to boil the MWs were turned off and the
reactor contents was put into sample jars in an ice bath to prevent back reaction.
In the MW+US case, after the emulsification step the US horn was allowed to
continue to irradiate the sample as the MW was turned on full power. Both the US and the
MW remained on until the reaction mixture came to a boil; at which time, both US and
MWs were turned off and the contents of the reactor were quenched.
The second set of experiments was the continuous circulation loop. In this
experiment, a 6:1 molar ratio of methanol to virgin soybean oil was used with 0.1%
catalyst. The mixture was pumped from a reservoir into the reactor vessel using a
peristaltic pump at a rate of 2.65 ml/s. While inside the reactor vessel the mixture would
be irradiated by the horn with US at 20 kHz, approximately 300 watts, and a 70% duty
cycle (7 seconds on, 3 seconds off). It would also continuously be irradiated with MWs at
2.45 GHz, 600 watts. As the mixture flowed out of the reactor, it entered a 20 foot length
of ¼ inch copper tubing submerged in ice water to quench it before returning to the
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reservoir. Samples were taken from the reservoir every 5 minutes for a total of 50 minutes
before the MW and the US were turned off and the reactor emptied.

3.3

Conical Glass Fitting (CGF) with MFR-2

3.3.1

Design
The next stage of combine reactors utilized the MFR-2 so that we could create

different styles of resonators and interchange them in the MW easily. The MFR-2 was
connected to a 12 inch length, 2 inch inner diameter, borosilicate glass pipe. The ends
were flared at a 12 degree taper so that they could be clamped against the MFR-2 housing.
For this reactor a resonator was designed and constructed that allowed the reaction mixture
to flow through the center bolt, through the transducers, and out a nozzle parallel to the
radiating surface. The top of the reactor had a few holes fitted with Swagelok tubing to
serve both as an outlet and a junction to monitor pressure and place a relief valve.
Metal brackets were fixed to the outside housing of the microwave cavity using
conductive epoxy to ensure they would remain grounded. A custom metal mesh cage was
fabricated to fit over the ends of the MFR-2 and the lid of the reactor. This cage was
clamp to the brackets, as pictured below, firmly ensuring that it was grounded. The mesh
could then easily be spread to accommodate the wires for driving the transducer stack and
the ¼ inch stainless steel tubing for the flow of the reactants/pressure measurements.
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Figure 35: US resonator inside secondary MW shielding cage under microwave cavity

The metal pipe fittings were shimmed firmly against the MW cavity housing and
electrically grounded, but the mesh cage served as a secondary containment for the MWs.
It effectively eliminated any microwave leaks with the exception of a small amount of
radiation that was picked up by the wires powering the transducers and carried through the
mesh. This was unavoidable because the wires powering the transducers had to be
insulated from the MW housing, but the radiation was below detectable levels beyond one
inch away from the wire and undetectable beyond 6 inches from the MW containment
mesh.
Temperature measurements were taken using an IR thermocouple which viewed the
bottom of the reactor tube through a hole in the side of the MW cavity which had a bracket
fixed to the MW cavity. Temperature was also measured via a K-type thermocouple
placed at the outlet, on the top of the MW cavity. While testing the seals and ability to
flow through the reactor, the readings on the IR thermocouple were verified to be within
+/- 1˚C of the outlet flow as measured by the K-type thermocouple. Pictured below is a
view of the inside of the reactor during flow/emulsification testing.

43

Figure 36: evidence of standing waves in CGF reactor during flow through emulsification tests

This system was designed to accommodate supplementary systems that would be
present in the pilot scale version of the reactor: heat exchangers, pumps, valves, sensors,
etc. This served as a platform for the development of programs and experimentation
algorithms to be used in subsequent steps towards the commercial version of this reactor.

3.3.2

Methodology
A series of experiments were conducted using this reactor to evaluate the benefits

of superheating, the effects of pressure, and to examine residency time. Unfortunately the
results for these tests are either not yet available or they are compromised due to various
issues that arose as the bugs were being worked out of the new system. The results
section, 5.3, on the CGF with MFR-2 will further discuss the preliminary, qualitative
observations of this reactor as well as the technical issues resolved for subsequent use of
this reactor.
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CHAPTER 4: SYSTEM INTEGRATION
4.1

Theory
The term system integration is used in this document to refer to various programs

used to control and evaluate the reactors and test equipment discussed in earlier chapters.
Two commercial software packages were used for the works contained in this paper:
National Instruments LabView and the open source ImageJ.
LabView was used to both control and monitor the US and MW aspects of the
reactors. It is graphic-based programming language which has its roots in C. Each
program consists of two parts: the front panel and the block diagram.
The front panel is essentially the user interface. It is intended to organize the inputs
to the program which are controlled by the user, and it can also be used to display outputs
during or after the program runs.
The block diagram is the actual programming text. It consists of a series of blocks
which are essentially separate functions. The arguments, or inputs/outputs, to these
functions are controlled by “wires” to and from the boxes. There are different kinds of
wires which represent different types of data. In general the data flows from the left of the
block diagram to the right; blocks on the right side of the screen will not run until after the
blocks that are wired to their left finish running.
The LabView programs used in this work are used both as control mechanism and
for their ability to collect and record data. This capability and other specific design
requirements will be further discussed in section 4.4.
ImageJ has a number of image processing tools built into it for the evaluation of the
data inherently contained within images. The “particle analysis” capabilities are the chief
concern for this work. The methodology behind the use of ImageJ is quite simple. The
trick is recognizing which parameters must be carefully controlled both before the picture
is taken and while processing the image in the program.
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4.2

Frequency Response Sweeps
This section describes the operation of a program known as

“Kropf_clean_sweep_best”. This program was used to automatically step through a range
of frequencies, driving the resonators at a low voltage for a set length of time. This was
done in order to establish the response of the resonator to a particular frequency; the
response being measured in terms of the voltage across the transducer at each particular
frequency. Figure 37 below displays the front panel of the program. On the left side of the
front panel, the inputs to the program are displayed. The two charts on the right hand side
are runtime outputs which display the signal going to the transducers and the voltage
across the transducer as the program runs; resonant frequencies will appear as sharp drops
in voltage on the lower graph due to the drop in impedance.

Figure 37: front panel of LabView program used for frequency response sweeps
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Figure 38 below is a screenshot of the block diagram of the program. The left side
of the screen shows all the inputs from the front panel which then pass down the wires to
the right into an a sequence which initializes the function generator and the oscilloscope.
When the wires meet the While Loop, large gray box, they are passed to a series of
functions. These functions incrementally change, record, and display the data from the
oscilloscope and the function generator. When the wires reach the right side of the While
Loop, the loop will increment the inputs and start over again. The process repeats until the
condition wired to the stop sign is met, that the “Frequency” the function generator is
outputting is equal to the input “Stop Frequency.” When the stop condition is met, the
wires leading from the right side of the While Loop execute a shut down sequence for the
sweep program, the oscilloscope, and the function generator.

Figure 38: LabView block diagram of frequency response sweep program displaying execution methodology

It is important to note that the data taken from the oscilloscope and the program is
recorded to a file which can then be used to generate graphs of the frequency response as
seen in section 2. These graphs must be normalized because the voltage of the signal
output by the function generator decreases with increasing frequency as a result of the
systems electrical impedance changing with frequency.
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4.3

Frequency Optimization Program
In order to utilize the piezoceramic transducers for continuous emulsification, they

must be driven continuously at their electrical and mechanical resonant frequency. This
wouldn’t be a problem if their resonant frequency and impedance didn’t both change with
age and temperature. The frequency optimization program is designed to automatically
find, record, and maintain the optimal impedance and driving frequency to enhance
efficiency. In addition to this, the frequency optimization program can also control the
gain of the amplifier in real-time and has output channels for monitoring and recording
temperature and pressure. In order to accomplish this task a large network of functions and
subroutines was required, so to organize the effort a project structure was utilized; figure
39 below shows the project explorer window and the first level of functions developed.

Figure 39: project explorer displaying the frequency optimizers more complicated dependencies
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The front panel of the frequency optimization program is displayed below in figure
40. It is divided into four main areas. The top left contains the name of the external
instruments that the program interfaces with, like the RF amplifier. The top right contains
the initial inputs around which the program will search for the resonant frequency and the
gain the amplifier will be set to (which can be changed in real-time). The lower left
controls the main loop and several subroutines within the loop to stop or start different
aspects of its execution. Finally, the lower right corner contains the run-time outputs. The
FGen Variables control the tolerance the program has to changes in efficiency before
searching for a better frequency, and the Runtime Outputs are various parameters which
the program records.

Figure 40: frequency optimizer front panel displaying inputs and runtime outputs

Figure 41 is the portion of the programs block diagram which lies outside, to the
left of the main loop. The series of events begins by initializing/turning on the RF
amplifier and the function generator. It then proceeds into a subroutine which sweeps over
49

the input range of frequencies for the optimal response. This subroutine outputs the
optimal response as the optimum frequency and the program drives the resonator at that
frequency while it sweeps over the amplifiers range of impedances searching for the
optimal response. The optimal impedance of the amplifier is the one that most closely
matches the resonator as this will minimize the overall impedance. It is determined by
maximizing the amount of power dissipated in the transducers.

Figure 41: initialization portion of frequency optimizer's block diagram

When the program completes these initialization steps, it passes the parameters into
the “main loop” with the system operating at these conditions. The main loop can be seen
below in figure 42, and it contains two basic lines of action. The top line checks to see if
any of the pieces of the program are disabled, like the output of the amplifier for example,
which would effectively pause the program. It then checks to see if the efficiency is within
a user defined range around the one found in the prior execution of the loop, or outside it if
it’s the first run. If the efficiency is OK the program continues around the loop, but if the
efficiency is too low the program sweeps around, within a user defined tolerance, the
previous frequency for the optimal response and then checks again for the optimal
impedance. The second line of action simply records a digital reading from one of various
sensor channels and writes it to a file every time the loop executes. When the user presses
the stop button the main loop is terminated and all the instruments/programs shut down.
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Figure 42: iterative loop structure and shutdown portion of block diagram

4.4

Precision Measurement Program
As one might imagine it takes time for each execution of the main loop of the

frequency optimization program, anywhere from 2-50 seconds. In addition to this, small
variations (like a bumped wire or grasping the wire) can weight this time more heavily
towards a full minute. This makes the frequency optimization program significantly more
difficult to use for sensitive experiments with shorter time scales, like dosimetry and
calorimetry. For this reason the program was modified to speed up the sampling rate and
minimize variations in the ultrasonic parameters associated with sweeping over a range of
frequencies.
Additional changes allowed for the uniform sampling of a large number of
parameters which can characterize the entire system. These parameters are written to an
output file dubbed “reaction data.” The parameters in this file include: amplifier
impedance, forward power, reflected power, dissipated power, run frequency, run
frequency offset, efficiency, reactor temperature, stack temperature, transducer voltage,
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gain, and the precise CPU time which each measurement was taken. The sampling rate
was brought down to a consistent two seconds and each measurement is within a half
second of the other measurements taken during the same loop iteration.

4.5

Emulsion Analyzer
The characterization of the emulsions created by US proved to be a difficult feat.

Light scattering processes tend to be calibrated for mixtures with significantly larger
differences in index of refraction, like suspended metal powders. The most reliable but
also the most painstaking and time consuming method is conventional optical microscopy
coupled with image processing. Past work was done by hand and the images were not
clean or consistent enough to be analyzed by programmatic methods.
In order to improve the consistency of the images the feasibility of using
microchannels was assessed at the advice of a colleague, Daniel Ahmed. A qualitative test
was done using several microchannels provided by Daniel, like the one below in figure 43.
The test was to examine if the dimensions or flow through a microchannel would affect the
distribution of the droplets in the emulsion any more than simply placing it on a slide.
Channel dimensions as low as 20 microns did not have any impact on the emulsion
droplets as long as the flow was kept reasonably slow. Previous research shows that the
vast majority of the emulsion is well below 20 microns, but even the occasional large
droplet flows through the channel without disturbing other droplets. The reason for this
being that the flow through the channel is completely laminar. The laminar flow and
restricted channel size also allow for a sort of emulsion photo-studio; the droplets are
channeled into a precise viewing window without altering them. In this window it is easy
to obtain a nice, consistent contrast between the emulsion droplets and the background;
this is necessary for the image processing to be described next. Additionally this setup
allows for higher magnification through the very thin glass cover and larger sample
volumes; instead of analyzing a sample drop by drop, refocusing and moving the stage
each time, the sample can be slowly flowed through a fixed viewing window keep all else
the same.
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Figure 43: microchannel used for feasibility assessment of emulsion analyzer, units in mm

The image processing is accomplished using the open source software, ImageJ, and
a few simple steps:
•

Open a picture

•

Go to Image->Type->8bit

•

Go to Image->Adjust->Threshold: adjust until crisp boundaries are obtained
around the droplets, hit Apply

•

Go to Process->Binary->use Dilate and Erode to close droplet perimeters


•

Once closed ->Fill Holes

Go to Analyze->Analyze Particles->


Select a Size range according to the Areas we expect to



Adjust circularity to eliminate anomalies (about .30-1)



Show: Nothing or Outlines (outline shows where each data point
came from)



Radio buttons:
•

Display results, clear results, summarize, add to manager,
record starts

•
•

Can save results page as excel workbook

Save Drawing and Analyzed picture for sake of data integrity
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CHAPTER 5: RESULTS
5.1

MFR-2

5.1.1

Dosimetry
Figure 44 is an example of an absorption spectrum for the Fricke dosimetry

experiments. The baseline is the absorption spectrum of the quartz cell used to hold the
Fricke solutions being analyzed and must be subtracted from the absorption of the test runs
in order to determining concentration of Fe3+ ions.
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Figure 44: absorption spectrum for 27 kHz, various gains

A closer view of the absorption spectrum in figures 45-47 shows the values of
absorption at 302 nm. Where there is no maxima, the run is invalidated as either there
were no free radicals present or they reacted with something other than Fe2+. The values
from these figures were taken and plotted in figure 48 to display the absorption and thus
relative sonochemical activity as a function of the amplifiers gain.
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Absorption vs. Gain, Apprx. 27 kHz
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Figure 45: zoomed in around 302 nm absorption spectrum for 27 kHz at various gains

Absorption vs. Gain, Apprx. 68 kHz
0.07
0.06
Baseline

Absorption (%)

0.05

30%

0.04

33%
36%

0.03

39%

0.02

42%
45%

0.01

no sonication

0
275

285

295

305

315

325

Wavelength (nm)

Figure 46: zoomed in around 302 nm, absorption spectrum of 68 kHz at various gains
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Absorption vs. Gain at Apprx. 90 kHz
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Figure 47: absorption spectrum, centered around 302 nm, for 90 kHz at various gains
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Figure 48: absorption vs. gain at 27, 68, and 90 kHz US irradiation
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Figure 48 suggest that outside a particular window, the dosimetry reaction no
longer linearly relates to the gain. However, a relatively good relationship seems to exist
within the window of 30 to 36% of the amplifiers gain. Figure 49 below displays this
linear trend.

Absorption vs. Gain over Frequency Range
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Figure 49: linear portion of absorption vs. gain graph at 27, 68, and 90 kHz

For future exploration of the effects of frequency on sonochemical reactions it is
necessary to standardize across multiple frequencies the acoustic energy which is input into
the reaction via sonochemical effects, aka cavitation. To do so the three linear fit
equations from figure 49 can be solved for the same absorption value, which is
proportional to the concentration of Fe3+ions and thus the intensity of cavitation, for the
same value. Thus to achieve the same cavitation intensity a gain of 30% must be used at
28 kHz, 31% at 68 kHz, and 34% at 90 kHz.
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5.1.2

Calorimetry
The data below proves a few key points: without the cooling jacket the heat

generated by the transducers would quickly conduct through the resonator into the reaction
chamber and affect the kinetics of the reaction. It is also apparent that due to the transient,
chaotic nature of cavitation, in order to obtain accurate calorimetry data the temperature
measurements of the reactor must be taken with the US turned off.
Figures 50-52 below display the difference in temperature between the reactor, Tr,
and the midpoint of the resonator, Th. Where this difference is greater than zero, it can be
seen that the temperature in the reactor is greater than the temperature in the midpoint of
the resonator. This means that the temperature in the reactor is purely a result of the
acoustic energy dissipate in the reactor and not from the losses in the transducers. The
gains of 30%, 31%, and 34% discussed in section 5.1.1 were not used for this experiment
because it was observed that in order for cavitation to occur in a similar weight of 6:1
molar ratio methanol to soybean oil, 40% gain was necessary for the two higher
frequencies.
In all three figures it can be clearly seen that without the cooling jacket on the
MFR-2 the reaction volume would be almost immediately affected by heat generated from
losses in the transducers. They also display that when cold air is forced over the
transducers, through the cooling jacket, the reaction chamber can be effectively isolated
from heat conduction for tens of seconds at each operational frequency. In spite of the
transient nature of these profiles, it can still be seen that the 68 kHz frequency dissipates a
significantly larger amount of heat than the other two. This further verifies that this middle
frequency is particularly inefficient for this resonator, probably being due in part to this
frequency not being an odd harmonic of the approximate 30 and 90 kHz for which it was
designed. Although cavitation was observed operating at the 68 kHz frequency, as
discussed in section 2, it probably resulted from the Poisson Effect of a radial resonance
mode or vibrations transmitted through the structure; this may also explain the particular
deviation from linearity in the 68 kHz case of figure 49.
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Temp vs. Time at 28 kHz, 30% gain
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Figure 50: Temp vs. Time at 28 kHz, 30% gain

Temp vs. Time at 68 kHz, 40% gain
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Figure 51: Temp vs. Time at 68 kHz, 40% gain
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Temp vs. Time at 94 kHz, 40% gain
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Figure 52: Temp vs. Time at 94 kHz, 40% gain

Figure 53 demonstrates a simple relationship between the power dissipated by the
transducers, the voltage across them, and their electrical efficiency. It can be seen that as
the transducers become more efficient they will dissipate more power at a particular gain
of the amplifier. At the same time, however, as the transducers dissipate more
power/become more efficient the voltage across them drops. This is a result of the drop in
impedance that comes with driving the transducers at a more optimal resonance. It should
be noted that the d33 coefficient for the piezoelectric chosen is for static displacements only
and is not a true indicator of displacements under resonance conditions. Thus voltage can
only be used to determine US intensity if several other factors monitored by the control
system are considered. These control systems should also be used in conjunction with
more calorimetry experiments to explore how the system may appear to be more efficient
electrically, but in reality they are just dissipating more heat and not more acoustic energy.
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Figure 53: Trend between Power Dissipated in transducers, Voltage across the transducers, & Electrical Efficiency

Figures 55-57 below display a comparison of the power dissipated in the
transducers, as monitored by the difference in power to and from the amplifier, and power
dissipated in the reactor volume for all three operational frequencies both cooled and uncooled. The figures focus only on the first 15 seconds of the data because, as discussed
earlier in this section, beyond this time frame it would not be possible to determine pure
sonochemical contributions with the current resonator. The power dissipated in the reactor
was calculated by differentiation of the common, q=m*∆T*C p, with respect to time.

Figure 54: equation for determining power by calorimetry

(dT/dt) was approximated in a pseudo finite difference method by taking the difference in
temperature over the difference in time between each data point. For cp the specific heat of
water, 4.18 j/(g*°C), was used. The mass, M, is 165 grams; this mass was chosen because
it is close in both mass and volume to the amount used in typical transesterification
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reaction performed in this reactor so as to minimize differences in acoustic properties of
the system.
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Figure 55: Dissipated Power at 28 kHz, 30% gain
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Figure 56: Dissipate Power at 68 kHz, 40% gain
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Figure 57: Dissipated Power at 94 kHz, 40% gain

As you can see in figure 55-57, no real conclusions can be drawn from the
calorimetry data concerning the power dissipate in the reaction chamber. General trends
can be established when looking at the whole temperature profiles in figures 50-52, but due
to the transient nature of the cavitation events the calculated power dissipated in figures
55-57 are unreliable. It can be noted, however, that as expected the power fluctuates
widely above and below that of the power dissipated by the transducers. This is because
we are only taking into account what is occurring at the tip of the thermocouple probe.
One second an incredible amount of power (note figure 55 required a secondary vertical
axis to display the power dissipate in the reactor) may be dissipated by a cavitation
collapse directly on the sensor and the next it may be completely calm.
In the end these tests simply demonstrate that the cooling jacket is adequate when
an appropriate sonication time is chosen, but more importantly it demonstrates the
enormous potential of the reaction data output from the precision measurement program.
Data from subsequent tests can be used to accurately determine the amount of energy being
dissipate in the reactor vessel versus how much energy is sent to the transducers simply by
pausing the US for a temperature measurement. This data could be used to optimize future
resonators.
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5.2

HGMT

5.2.1

MW&US, Separate or simultaneous
Figures 58-60 below display the results of the transesterification reactions intended

to answer whether it is better for MW and US to be used separately or simultaneously.
The results are displayed in terms of approximate mass completion which is based on a
ratio of the mass of bound glycerol (mono-, di-, and tri-glycerides) left in a given mass of
the product phase of the reaction.
In figure 58 no catalyst was used and there was no detectable conversion except in
the case of the 6:1 molar ratio where the reaction was sonicated and then heated to boil
using MWs. 17.7% is a relatively high conversion rate for a reaction without the presence
of catalyst. Repeated experiments would be necessary to establish that this ratio is
particularly effective and not just skewed because of the approximate nature of this
methodology.
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Figure 58: simultaneous MW and US, 0% catalyst

Figure 59 shows greater conversion for the use of MW and US separately at the
lower molar ratios which is again confirmed in figure 60. This is probably due to the
greater stability of the emulsion at the lower molar ratios. This will allow for more
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superheating and at the lower molar ratios, while the continuous mixing is required at the
higher molar ratios to keep the emulsion fine.
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Figure 59: simultaneous MW and US, 0.1% catalyst
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65

From figures 58-60 we see that the higher the catalyst and the higher the molar
ratio, the higher the conversion; however, these experiments were for very short durations,
stopped immediately following boiling. Since it is desirable for economic purposes to use
less catalyst and less methanol, there is merit to attempting to optimize the size of the
emulsion using US and the duration/intensity of heating with MW, separately to achieve
higher conversion with reduced material and energy costs.

5.2.2

GC Results, Continuous Loop
Figure 61 shows the approximate mass% completion of the reaction over time for

the continuous loop experiment. It can be seen that the reaction completion fluctuates for
approximately the first 35 minute of the reaction; however the mixture was homogenously
emulsified have only 10-15 minutes and the reaction temperature was relatively steady
after 10 minutes, as can be seen in figure 62. The fluctuations in temperature are likely
due to the 70% duty cycle of the ultrasonic horn.
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Figure 61: continuous loop, reaction completion vs. time
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Figure 62: reaction temperature during continuous loop experiment

In literature similar curves as figure 61 are universally published (23). Their
nonlinear nature is usually attributed to the changing solubilities and physical properties of
the liquids as the reaction proceeds; however, the temperature is constant and the reaction
completion dips to its lowest point just before accelerating to completion. This lends
credence to the theory that the non-homogeneous nature of the sampling and the nonuniform flow through this reactor are responsible for the seeming fluctuations in reaction
completion, thus there is potential to optimize this reactor to obtain a very quick and direct
reaction.

5.3

CGF with MFR-2

5.3.1

Superheat vs. Constant 55° C
A series of experiments were conducted in an attempt to quantify the benefits of

superheating. Unfortunately due to a malfunctioning gas chromatograph these results, and
the results of a second continuous loop experiment, are unavailable.
Due to the novel nature of this type of reactor a considerable amount of time was
spent solving issues concerned with the system set up: seals, broken reactor vessels,
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pumps, etc. The majority of the data at this point concerning this reactor is simply
qualitative system checks. Ultimately, the issues were resolved and testing has resumed.
The CGF with the MFR-2 has the ability to insitu perform MW and US reactions including
flowing reactions at atmospheric pressure and sealed reactions up to 75 psi.
Figure 63 and 64 demonstrate one of the tests done while the reactor was sealed.
Figure 63 shows the temperature and pressure of the reactor when pure soybean oil is
exposed to 1000 watts of MW energy for just over a minute with two pulses of US at
approximately 40 kHz. Virtually nothing happens and one can see how ineffectively MW
heat oil. In figure 64 we see a very different picture. At approximately 20 seconds and 80
seconds the US was turned on which caused drastic pressure spikes. The methanol also
ultimately saw over an 80°C change in temperature ultimately resulting in the release of
the safety valve.
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Figure 63: temperature and pressure of soybean oil as heated in MW and pulsed with US
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Figure 64: temperature and pressure of methanol as heated in MW and pulsed with US
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CHAPTER 6: CONCLUSION
6.1

Review of Objectives
The ongoing goal of this project is to create a commercial, scalable, MW-US

biodiesel reactor. This is a large and complex task, and in order for it to be competitive it
requires the optimization of each and every component. The focus of this was to provide
systems and methodologies to aid in this task.

6.2

Contributions
The MFR-2 is a versatile platform which can be used for a variety of different

sonication systems without experiencing the wide array of problems (leaking, overheating,
fracture, excessive damping, etc.) encountered in earlier works. The cooling jacket also
allows for isolation and tracking of the energy usage throughout the resonator for more
temperature sensitive experiments even when the resonator is operating outside its
fundamental resonance. That being said the flexibility of this system allows for the design
of a variety of different resonators. These resonators can be designed to eliminate common
sources of error and explore the effects of either frequency or intensity on various
reactions.
The flexibility of the resonator designs also allows for the flow of reactants through
the resonator into the conical glass tubing. This system was then safely integrated into a
multi-mode MW chamber for future experimentation like a repeat of the continuous flow
style experiment for determining residency time. Similar experiments have shown that
when striving to minimize the volume of the methanol and catalyst used it is beneficial to
optimize the individual use of US then MWs separately.
It can also be noted that due to the robust and inert set-up of the MFR-2 and the
conical glass fittings, a variety of other reactions can be carried out without being
detrimental to one another. For example, Fricke dosimetry was carried out in the reactor
displaying promise for both further exploration of the reaction itself and further
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characterization of the MFR-2/CGF system. As a result of these dosimetry experiments
reactions can be quantitatively compared across frequency and even completely different
resonators.
While in the process of designing the MFR-2, it was discovered that when modal
analysis and selective damping are coupled with the clean sweep program, it is possible to
determine and isolate desired vibrations while minimizing others. The bulk of the work
contained in this paper really went into the fabrication and perfection of the systems
themselves, particularly the programs. The group now has a suite of programs and
methods (emulsion analysis, calorimetry, LabView control and measurement, etc.) at its
disposal for use in rapidly generating a large quantity of data essential to drawing
conclusions about the reaction and the systems themselves.

6.3

Future Work
Along these lines, the next step in this research is repeatability. With the basic

fundamental systems now developed, in order to draw clear conclusions about any of the
trends suggested in this work it is necessary to develop a large sample set of testing data;
this is particularly important due to the variable nature of the transesterification reaction.
The most important step in this process will be to secure a reliable gas chromatograph.
Important trends to make clear in the future will be:
•

The cutoff frequency where increasing the frequency of US no longer enhances the
properties of the emulsion

•

The point at which increasing the MW intensity no longer benefits reaction rate or
completion

•

Residency time for both the US system and the MW system

•

Analysis of emulsions to correlate the effect of the size with reaction completion,
reaction rate, and MW efficiency

•

Calibration of the US mixing chamber in conjunction with emulsion analysis to
determine trend for diminishing returns as US intensity is increased
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•

Finally, an overall energy balance of the power needed to operate all of these
systems vs. the rate of fuel energy production
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