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Goal for this thesis is to confirm occurrence of an oxidation reaction ignition by
ultrasound in near adiabatic reaction. Sonocavitation as a phenomenon is known but only
a few studies have been conducted on oxidation reaction intensification with ultrasound.
In cavitation gas bubbles in bulk liquid grow in cycles, according to phase of ultrasound,
and eventually collapse. High amounts of energy are released during bubble collapse.

Before making experimental plan, estimations on possibly suitable reaction conditions
and parameters were made. Simultaneously estimations on possible reaction outcome
were calculated. These estimations were used for making experimental plan. Estimated
result can be compared with measured results from the experiments.

For the experiments, oxidation reactions for various alcohols in enclosed reactors were
studied. Batch experiments were conducted with different liquids and liquid volumes.
From the results gotten some conclusions could be obtained concerning occurring
physical phenomena. Based on results and conclusions additional experiments are
suggested. Also, future applications for this intensification concept are considered based
on the results.



TIHVISTELMA

Lappeenrannan-Lahden teknillinen yliopisto LUT
School of Engineering Science
Chemical Engineering and Water Treatment

Emma Laasonen

Ultrasonic intensification in near adiabatic reactors

Diplomityo

2019

100 (+33) sivua, 22 kuvaa, 45 (+8) taulukkoa, 25 liitettd ja 1 liitetiedosto.

Tarkastajat: TKT Tuomas Koiranen
TkL Esko Lahdenpera

Hakusanat: akustinen kavitaatio, ultradani, sonokemia

Taman diplomitydn tarkoituksena on vahvistaa ilmid, jossa hapettumisreaktio kaynnistyy
pelké&n ultraddnen avulla adiabaattisessa reaktorissa. Akustista kavitaatiota on ilmiéna
tutkittu, mutta sen hyddyntamisesta hapettumisreaktion intensifioinnissa on tehty vain
muutama tutkimus. Kavitaatiossa nesteesséd olevat kaasukuplat kasvavat syklisesti
ultradanen vaiheen mukaisesti, kunnes kuplat lopulta romahtavat. Kuplan romahduksessa
vapautuu paljon energiaa.

Ennen koesuunnitelman tekemista arvioitiin mahdollisesti sopivia koeolosuhteita ja
muutettavien parametrien arvoja. Samalla arvioitiin laskennallisesti mahdollisen reaktion
tuloksia. Koesuunnitelma tehtiin n&iden estimaattien pohjalta. Arvioituja tuloksia
voidaan verrata todellisiin, mitattuihin tuloksiin.

Erilaisten alkoholien hapettumisreaktioita suljetuissa reaktoreissa tutkittiin. Naiden
perusteella suunniteltiin ja rakennettiin polttoreaktori kokeita varten. Panoskokeet tehtiin
kayttéen eri nesteité seka eri nesteen maarié. Saatujen mittaustulosten perusteella voitiin
tehdd paatelmia liittyen tapahtuviin fysikaalisiin reaktioihin. Tulosten perusteella
suositellaan jatkotutkimusta aiheesta ja esitellddn mahdollisia intensifiointikonseptin
sovelluskohteita.



ALKUSANAT

Haluan Kiittaa tyon ohjaajia Tuomas Koirasta sekd Esko Lahdenperdd saamastani avusta
tyon tekemisen aikana. Haluan myos kiittdd Jari Kinnusta tyon aiheen keksimisestd, seka
Eeva Jernstrdmid tyon toteutuksen mahdollistamisesta.

Kiitdn myds Markku Nikkua, Harri Ruokoniemed ja Juha Lehtoaroa kdytdnnon avusta,

jota sain reaktorin suunnittelun ja rakentamisen, seka laboratoriotydskentelyn aikana.

Haluan kiittdd Perttua, vanhempiani sekd Kimurantti-perhettd saamastani tuesta ja
kannustuksesta tdiman puolen vuoden aikana.

Emma Laasonen

Lappeenrannassa 17.12.2019



TABLE OF CONTENT

1 INTRODUCTION ..ottt ittt sttt sttt sttt st sene s anens 1
0 R = - Tod (o | (01U g o OSSR 1
1.2 Methods and STFUCLUIE ........cciiieiiieiiesiesie e 1

I LITERATURE PART .ottt 4

2 LITERATURE REVIEW ...ttt 4
2.1 Combustion With UIEraSOUNT .........ccceeiiiiiiiiiiee e 4
2.2 Combustion INtENSITICATION........cciuiiieiieie e 4
2.3 Ultrasonic INteNSITICALION .......cceeueiieiieie e 5

3 ULTRASONIC PHENOMENON .....cccoiiiiiiieiiisieisie e 7
3.1 Ultrasound and CAVITATION........cceiiieiiiiiisieiese e 7
3.2 Mechanism of aCOUSLIC CAVITALION .........cccvvieieierieie e 8
3.3 Factors affecting Cavitation ...........cccceeveiiiii i 10
K I O \V/ | =L o] g =] (01 (o] o USSP 11
3.5 Radical FOrmMAtioN .......ccccviiieiieecie e 12

4 COMBUSTION REACTORS ...ttt 14
4.1  Internal COMDUSTION BNGINES.......oiviiiiiiiieieieie s 14
4.2  Conventional 2-stroke diesel NgINe ........ccooeiiiiiiiinine 14
4.3  Clengine deVelOPMENT..... ..o 16

5 COMBUSTION REACTION CHEMISTRY ...occviiiiiniiieisesiecee e 17
5.1 FUBIS ot 17
5.2 REACHION EQUALIONS ......ecviiiieieeiectee ettt sre e 18
5.3 EXPIOSIVE IIMItS.....coiiiiiiiiic e 18
oI R Vo [ Tor: | =T Uod o] SO S 21

Il EXPERIMENTAL PART ...ttt e a e 24

6 REACTOR DESIGN ....ooiiiiiie ettt et e e e 24
6.1  Basis Of the reactor deSIgN.........c.cooviiiiiieiiiie e 24
6.2  Combustion reactor structure and flow Sheet .............ccocvvvviiiciiieniie 25
CT T T Tod (0 0 [ ot SR 26

7 GAS SOLUBILITIES. ..ottt 29
7.1 ASPEN-SIMUIALION. .....cciiiiiecic et reas 29
T2 RESUIS .o e et 31

7.3 e 0] Yo 10 (oL TR 32



8 CONVERSION. ...ttt 33

8.1  Conversion without dissolved oxygen and COgz.........ccccvvveiiiiieieieniienesieies 33
8.2  Conversion with dissolved oxygen and COz.........ccevvrieiniieieieienc s 35
9 REACTION MECHANISM HYPOTHESIS ... 38
10 THERMAL EFFECT OF ULTRASONIC HORN .....cccoooiiiiniieiecse s 40
10.1  Heat @DSOMDANCE ........ooiiiiiieieiee e 40
10.2  EXPEIIMENTS....eiiieiiicie ettt e e esteen e raenaeenaesnaenns 41
10,3 RESUIES ..ttt 41
10.4  Data handliNg ......coveieiieicie e 43
10.5 Estimation of fuel temperature rise .........ccoceeieieieni i 48
10.6  EXTOF SOUICES.....uveeiieieteesiieeteesiteesteesiee e bt e sseeesbe e sbt e e beessbeasbeesbeeanbeesaeesnbeesbeeanbeens 50
O O o [ 1] o] 1SS 52
11 ETHANOL COMBUSTION ....oiiiiie e 53
11.1 Selection of COMbDUSEION PArAMELEIS.........ceiiiiieieriesie e 53
112 EXPEIIMENTS ....iiiieieicie ettt ettt e te et e b e e te e e snaenas 53
11,3 RESUIES ettt 54
11.4  Data handling ......covoeeiiiiice e 59
115 ETTON SOUICES. .....ueiiieeeteesieeetee st et sttt e be e s s e ease et e e s be e e nbeesnneanbeesbeeanneens 63
T O o 1] o] S 64
12 1-HEXANOL COMBUSTION.....ccoii et 66
12.1 Selection of COMbDUSEION PAraMELErS.........coieiiiiieiesie e 66
12,2 EXPEITMENTS ...uiiiiiteteiteete ettt bbbttt n bbb ene s 66
12.3  RESUILS ..ot ns 67
12,4 Data handling ......ccvooeiiiiece e 69
125 EXTON SOUICES. .....eeeieeetee ettt ettt ettt et et e e st et e s ie et e e b e e e sbeennneanbeesneeanneen 76
126 CONCIUSIONS ..ottt bbb sbe b srenneas 77
13 FUTURE EXPERIMENTS AND APPLICATIONS ......ccooeiiiiieee e 80
14 REFERENGCES.......ici ottt sttt 81



APPENDICES
Appendix | Ethanol vapor pressures
Appendix Il 1-hexanol vapor pressures
Appendix Il Ethanol saturation concentrations in air
Appendix IV 1-hexanol saturation concentration in air
Appendix V ldeal gas law
Appendix VI Calculation table for ethanol with no dissolved gases
Appendix VII Calculation table for 1-hexanol with no dissolved gases
Appendix VIII Calculation table for ethanol with dissolved oxygen
Appendix IX Calculation table for 1-hexanol with dissolved oxygen
Appendix X Heat absorbance to water during thermal effect experiments

Appendix XI Mass of air and amount of heat absorbed to gas during thermal effect

experiments

Appendix XI1 Pressure inside the reactor prior and after sonication
Appendix XI1I Pressure change caused by temperature rise in the reactor
Appendix XIV Pressure change caused by increase in amount of gas
Appendix XV Amount of evaporated water

Appendix XVI Amount of heat gone to water evaporation

Appendix XVI1I Mass of the reactor

Appendix XV 11l Heat absorbance to reactor structure during thermal effect

experiments
Appendix XIX Total heat absorbance
Appendix XX Heating power of ultrasonic horn

Appendix XXI Temperature rise estimation



Appendix XXII Actual heat absorbance to 1-hexanol
Appendix XXIII Heat of combustion
Appendix XXIV Amount of 1-hexanol combusted

Appendix XXV Pressure increase caused by combustion

Attachment 1: Experimental data



LIST OF SYMBOLS

Cco2
Cgas,a
Ch20
Co2
C(air)
C(LEL)
C(UEL)
d

dig

din
din,supp
diig

dout

dout,supp

amplitude, [um, % of the maximum]

Henry’s constant parameter a for component i in solvent A
Henry’s constant parameter b for component i in solvent A
specific heat capacity, [kJ/(kg*K)]

specific heat capacity of fuel, [kJ/(kg*K)],

specific heat capacity of gas, [kJ/(kg*K)],

Henry’s constant parameter ¢ for component i in solvent A
specific heat capacity of liquid, [kJ/(kg*K)],

specific heat capacity of reactor (stainless steel 304),
[kd/(kg*K)]

concentration, [vol-%]

CO> concentration in gas phase, [vol-%]

concentration of dissolved gas, [mol/mol]

H>0O concentration in gas phase, [vol-%]

O2 concentration in gas phase, [vol-%)]

air concentration in gas phase, [vol-%]

fuel concentration in gas phase at LEL, [vol-%]

fuel concentration in gas phase at UEL, [vol-%]

reactor diameter, [cm]

Henry’s constant parameter d for component i in solvent A
reactor inner diameter, [m]

reactor horn support ring inner diameter, [m]

reactor lid diameter, [m]

reactor outer diameter, [m]

reactor horn support ring outer diameter, [m]

Henry’s constant parameter e for component i in solvent A
Henry’s constant for component i in solvent A

reactor height, [cm]



Rhornsupport reactor horn support ring height, [m]

Nring reactor lid support ring height, [m]
L the Ostwald coefficient, [-]

Lbottom reactor bottom length, [m]
Lhornsupport reactor horn support ring length, [m]
Liig reactor lid length, [m]

L reactor reactor length, [m]

Me molar mass of ethanol, [g/mol]

Mt molar mass of fuel, [g/mol]

Mhn molar mass of 1-hexanol, [g/mol]
Muwater molar mass of water, [g/mol]

m mass, [kg]

Me mass of ethanol, [kg]

Mevap mass of evaporated water, [kg]

m¢ mass of fuel, [kg]

Mh mass of 1-hexanol, [kg]

my mass of reactor, [kg]

M mass of water, [kg]

Muwater,evap mass of evaporated water, [kg]
mol-% molar amount of substance / molar amount of mixture, [%]
Na amount of air in the reactor, [mol]
Ne amount of the certain component, [mol]
Ncomb amount of fuel combusted, [mol]
Ncoz2 amount of CO2, [mol]

Ncoz,d amount of dissolved CO2, [mol]
Ncoz2g amount of CO2 in gas phase, [mol]
Ne amount of ethanol, [mol]

Ne.v amount of ethanol evaporated, [mol]

Ny amount of fuel, [mol]



nga&d
Nh
Nhyv
NH20
NH20
No2
No2,d
No2,d1
No2,g
Nr
Ntot

Nwater, evap

P

p

p1

P2

Pa

Pamb

Pe
p(diff)
p(diff)

p(diff),

Pi
Pvap.e

P2,temp

Pvap,e

amount of dissolved gas, [mol]

amount of 1-hexanol, [mol]

amount of evaporated 1-hexanol, [mol]

amount of H20, [mol]

amount of H>O evaporated to gas phase, [mol]
amount of oxygen, [mol]

amount of dissolved oxygen, [mol]

amount of dissolved oxygen into 1 litre of ethanol, [mol]
amount of oxygen in the gas phase, [mol]

amount of fuel reacted, [mol]

total amount of substance, [mol]

amount of evaporated water, [mol]

power, [kKW]

pressure, [Pa, kPa]

initial pressure in the reactor, [Pa, kPa]

pressure after increase in substance amount, [Pa, kPa]
air pressure, [Pa, kPa]

ambient pressure, [Pa, kPa]
partial pressure caused by certain component in the gas, [kPa].

pressure difference between ambient and reactor inside, [kPa]

initial pressure difference between ambient and reactor
inside, [kPa]

final pressure difference between ambient and reactor inside,
[kPa]

partial pressure inside the reactor, [kPa]
vapor pressure of ethanol, [Pa, kPa]

changed pressure when pressure change is caused by
temperature change, [Pa, kPa]

vapor pressure of ethanol, [Pa, kPa]



Pvap.f
Pvap,h
Q
Qcomb
Qevap
Qr
Qf,est

Qf,meas

Qg
Qi
Qr
Qtot
R

r

I'hornsupport

I'reactor

-
T1
T2
Thoilp
Thoilr

Tt

Tiash
Tiin
Tn
Tr

vapor pressure of fuel, [Pa, kPa]

vapor pressure of 1-hexanol, [Pa, kPa]
amount of heat absorbed, [kJ]

heat released during combustion, [kJ]
heat consumed in water evaporation, [kJ]
heat absorbed to fuel, [kJ]

heat absorbed to fuel based on estimated temperature change,
[kJ]

heat absorbed to fuel based on measured temperature change,
[kd]

heat absorbed to gas, [kJ]

heat absorbed to liquid, [kJ]

heat absorbed to reactor, [kJ]

heat absorbed to the whole system, [kJ]
ideal gas constant, 8.31451 (Pa*m?)/(mol*K)
heat of evaporation, [kJ/kg]

reactor horn support radius, [m]

reactor radius, [m]

temperature, [°C, K]

initial temperature, [°C, K]

changed temperature, [°C, K]

boiling point, ['C]

boiling range, ["C]

fuel temperature in the reactor, measured with lower
thermometer, ['C]

flash point, [°C]
final temperature of water after sonication, ['C]
initial fuel temperature, [°C, K]

final fuel temperature, [°C, K]



Tn

Ti2

Tself-ig

t

ts

Va

Vhottom

Ve

Vs

Vg
Vhornsupport
Vi

Viid

Vo2

Vo

Vr
Vreactorparts
V'ring

Viot

Vwall
X
Xe
Xh

gas temperature in the reactor, measured with upper
thermometer, ['C]

initial gas temperature, [°C, K]
final gas temperature, ['C, K]

liquid temperature in the reactor, measured with lower
thermometer, ['C]

initial liquid temperature, [°C, K]

final liquid temperature, [°C, K]

self-ignition point, [*C]

time, [s]

sonication time, [s]

volume of air, [cm?, dm3, m?]

volume of the reactor bottom, [cm?, dm?, m?]
volume of ethanol, [cm?, dm?, m?]

volume of fuel, [cm3, dm3, m?]

volume of gas phase, [cm?, dm?, m?]

volume of the reactor horn support ring, [cm?, dm3, m?]
volume of liquid, [cm?, dm?, m]

volume of the reactor lid, [cm®, dm3, m®]

volume of oxygen, [cm?, dm?, m?]

volume of connection pipes, [cm?, dm3 m?]
volume of the reactor, [cm?, dm?, m]

total volume of the reactor, [cm?, dm?, m®]
volume of the reactor support ring, [cm?, dm?, m?]

volume of the reactor and connection pipes in total, [cm?,
dms, m%

volume of the reactor wall, [cm3, dm3 m?]
conversion, [%]
ethanol conversion, [%]

1-hexanol conversion, [%]



Xmax|e

Xmax,h

x(eth)
x(hex)
AE

AH omb
4an

Ap
Apcomb

Apmolar

Aptemp
AT
ATt
AT,
ATig
ATy

pi
Py
Ph

Pss

maximum conversion of ethanol, [%]

maximum conversion of 1-hexanol, [%]

mole fraction, [-]

ethanol mole fraction in gas phase, [ppm, vol-%]
1-hexanol mole fraction in gas phase, [ppm, vol-%]
energy change, [kJ]

heat of combustion, [kJ/mol]

changed amount of substance in gas phase, [mol]
pressure change, [Pa, kPa]

pressure change caused by combustion, [Pa, kPa]

pressure change caused by change in amount of substance in
gas phase, [Pa, kPa]

pressure change caused by temperature change, [Pa, kPa]
temperature change, ['C, K]

temperature change of fuel, [°C, K]
temperature change in gas phase, ['C, K]
temperature change of liquid, ['C, K]
temperature change of the reactor, [°C, K]
density, [kg/dm?]

density of ethanol, [g/cm?]

density of fuel, [kg/dm?®]

density of gas, [kg/m°]

density of 1-hexanol, [kg/dm?®]

density of stainless steel 304, [kg/m?]



ABBREVIATIONS
Cl
CO
CO2
ETH
H20
LEL
N2
NOx
NTP
PU
PVC

Sl

UEL
VL

VG
VG/VL
1-HEX

Compression-Ignition

Carbon monoxide

Carbon dioxide

Ethanol

Water

Lower Explosive Limit

Nitrogen

Nitrogen oxide

Normal temperature and pressure
Polyurethane

Polyvinyl chloride

Radical

Spark-Ignition

Upper Explosive Limit

Liquid volume

Gas phase volume

Ratio between gas volume and liquid volume

1-hexanol



1 INTRODUCTION
1.1 Background

Existing marine traffic is a significant polluter (European Environment Agency 2019).
Even though environmental aspects are being considered more and more, new
innovations are needed. Shift from fossil fuels to renewables is reducing emissions, but
development of marine engines is also essential. One possibility is to enhance fuel
ignition and combustion. New type of combustion system based on acoustic cavitation
could be possible. In sonocatalysed combustion the concept is to use cavitation generated
with ultrasound as ignitor. As cavitation bubbles collapse, high amount of energy is

released, causing hot spots in the fuel. This energy released could cause fuel ignition.

Subject of this thesis is limited to proving the concept of liquid fuel combustion by
ultrasound. As goal is to achieve ignition with cavitation, conclusive verification of
phenomenon is crucial. One potential future application for sonocatalysed combustion is
in slow marine diesel engines. By combustion intensification emission reduction or usage
of different types of fuels could be achieved. For that, subject of the thesis is important
and interesting, not just for its potential application in industrial use but also for its

environmental aspects.

Idea of ultrasonic combustion arose initially when this subject was presented to LUT
University by a local innovator. Bachelor’s thesis conducted on this subject did not give
any conclusive results (Laasonen 2018), but interest on the subject remained. That

bachelor’s thesis is used as starting point for this thesis.

1.2 Methods and structure

Chapter 2 is a literature review concerning ultrasonic combustion. Acoustic cavitation as
a phenomenon has been investigated, but not so thoroughly in the field of combustion or
burning reaction intensification. Literature review also contains introduction to existing

ways of combustion intensification and ultrasonic intensification.



Acoustic cavitation as a phenomenon is introduced in Chapter 3. Factors and properties
affecting cavitation are discussed, as they affect reactor design, experiment conditions
and choice of fuels. For the reactor design, conventional combustion processes and
combustion reactors are studied in Chapter 4. As an ultimate objective for the future is to
apply ultrasonic combustion in slow marine diesel engines, typical 2-stroke diesel engine

is discussed to get a comprehensive understanding on its working principle.

Fuel alternatives are introduced in Chapter 5, and their properties are used for
determining suitable reaction conditions. Burning reaction chemistry of the fuels is
studied, as well as combustion requirements and possible radical reactions. This
knowledge is essential for making experimental plan and estimation on the possible
outcome. In Chapter 6 reactor design is started with reactor designed by Laasonen (2018).

Pros and cons from that design are discussed and used to design new combustion reactor.

Chapter 7 covers the topic of gas solubilities to fuels. Aspen Plus V9 (Aspen Technology,
Inc. 2016) simulation was used to determine how much oxygen and CO> can be dissolved
to ethanol and 1-hexanol. Based on the reactor design and gas solubilities calculations are
made in Chapter 8 to estimate maximum conversions for the combustion. Estimations on
pressure change in the reactor and final CO> concentration are also made. Chapter 9

introduces assumption on the reaction mechanism.

Thermal effect of ultrasonic horn is studied in Chapter 10 to make an estimation on the
potential fuel temperature rise. Thermal effect is one aspect that is taken into

consideration while choosing parameters for the experiments.

Experiments with chosen fuels are discussed in Chapter 11 for ethanol and in Chapter 12
for 1-hexanol. Combustion experiments were conducted with different VG/VL ratios and
amplitude settings. Measured properties were fuel and gas temperature and pressure
difference between reactor inside and ambient pressure. From the measurements and data
handling some conclusions could be made concerning possible combustion occurrence.
Based on the results it seems that 1-hexanol combustion does indeed occur with this

experimental setup.



In Chapter 13 possible future applications and suggestions on what experiments should
be done next are presented. Reasonable follow-up for experiments conducted in this thesis

is to continue similar batch experiments with different fuels.



I  LITERATURE PART

2 LITERATURE REVIEW
2.1 Combustion with ultrasound

Only a few studies concerning liquid fuel combustion with ultrasound have been
conducted. In 1975 Campagna conducted a study on possibility to use acoustic cavitation
for liquid monopropellant ignition in gun systems. Usage of horn-transducer assembly
was successful in the study. Based on the results combustion could be achieved in

favourable conditions. (Campagna 1975)

In 2005 Nguyen and Jacgmin made a research concerning cavitation-ignition bubble
combustion. The goal for the study was to investigate possibility to use acoustic cavitation
to fuel-air mixture combustion. Transducer system was used for the experiments, where
methane-air mixture and propane-air mixture were mixed with water and methanol-air
mixture was mixed with methanol and then contacted with ultrasound. Small amounts of
CO emissions were noticed during experiments, which indicated that some combustion

was achieved. (Nguyen & Jacgmin 2005)

The latest study concerning burning reaction intensification with ultrasound was
conducted by Laasonen in 2018. Goal for the study was to create a combustion reactor
where ethanol combustion could be initiated with ultrasound alone. No clear evidence of
combustion was obtained, but the results indicated that a possibility to achieve ethanol

combustion with ultrasound exists. (Laasonen 2018)

2.2  Combustion intensification

Stolyarenko et al. (2008) created and patented an experimental apparatus that can be used
for intensifying fuel-air mixture combustion in electric field with solid fuels. Catalyst was
placed in the combustion region inside the reactor and exposed to high voltage and low
temperature to cause plasma formation in the combustion zone. This allowed temperature

to rise in the system, leading to activation energy reduction. Activation energy reduction



was caused by carbon radicals, oxygen containing radicals and oxygen atoms formation.
(Stolyarenko et al. 2008)

Catalytic combustion can be used for decreasing NOx emissions. In catalytic combustion
fuel is burned on surface of solid catalyst. Catalytic combustion differs remarkably from
conventional combustion due the lack of flame. Since no flame occurs, combustion
temperature is lower compared to conventional combustion. Combustion temperature in
catalytic combustion is around 500 — 800 °C. (Ismagilov & Kerzhentsev 1990) Low

temperature causes the amount of NOx emissions be lower. (Agarwal et al. 2017).

2.3 Ultrasonic intensification

Concept of intensifying chemical reactions with ultrasound has existed since 1930s.
(Bhangu & Ashokkumar 2016) Catalysing reactions with ultrasound is called
sonocatalysis. One application for sonocatalysis is wastewater treatment. In 2008
Goncharuk et al. researched ultrasound usage in water treatment. They discovered that
ultrasound with frequency of 300 — 1000 kHz intensifies organic compounds’ removal
from water. At ultrasound frequencies 300 — 500 kHz pollutants in the water degraded.
In electrochemical water treatment ultrasound acts as a cleaner for electrodes but also
reduces reaction time for electrochemical pollutant oxidation. (Goncharuk et al. 2008) In
2014 Adulkar and Rathod studied enzymatic pre-treatment for dairy wastewater
containing high amounts of fat. They discovered that ultrasound increases mass transfer
and hydrolysis rate, but also decreases reaction time compared to pre-treatment without
ultrasonic irritation. (Adulkar & Rathod 2014)

Ajmal et al. (2014) studied ultrasonic effects for enzyme catalysed reactions. During the
experiments it was noticed that ultrasound at 24 kHz intensified reaction of the free
enzyme of the system with water presence. It was also discovered that employed enzyme
did not deactivate at the presence of ultrasound. Cavitation occurring in the system caused
more suitable environment for the enzyme in terms of activation requirements. (Ajmal et
al. 2014)

Bhanvase and Sonawane (2014) studied the effect of ultrasound in inorganic polymer

nanocomposite polymerization from emulsion. Ultrasound can act as initiator for



monomer polymerization, but it can also decrease polymerization time and energy usage
during the process. Based on that sonocatalysed polymerization is a good way of
preparing polymer-layered inorganic nanocomposites. Ultrasonic irradiation was noticed
to improve polymerization rate and nanoparticle dispersion in polymer. With ultrasound
less extreme reaction conditions, e.g. temperature, are required. Polymerization process
can be safer for the environment at room temperature for not requiring another initiator

besides ultrasound. (Bhanvase & Sonawane 2014)

Nguyen et al. (2017) studied ultrasonic effects on paracetamol crystallization when
structurally similar impurities are present. Crystallization is used to purify paracetamol.
As paracetamol crystallizes, impurities remain dissolved, and product separation can be
done using filtration. It was discovered that ultrasound effects nucleation Kinetics,
distribution of crystal size of the product, filtration rate and purity of the product.
Intensifying purification in other organic systems could also be possible. (Nguyen et al.
2017)

In chemical reactions, where ultrasound causes cavitation to occur in liquid are called
sonochemical reactions. Chemical reaction occurring is affected by cavitation.
(Thompson & Doraiswamy 1999) Sonochemical reactions can be classified into three
types. In reaction type 1, sonochemical reaction occurs in homogenous system through
radical reactions. In type 2, reactions sonochemical reactions occur in heterogenous
systems through ionic mechanism. Mixing caused by cavitation initiates these reactions.
In reaction type 3, reacting system is heterogeneous, and reactions occurring can be ionic
or radical reactions. (Luche 1993) In radical reactions, radicals are formed due to
ultrasound, and then these radicals react. In ionic reactions, bonded atoms detach from
each other, and formed anions and cations start to react. For this thesis, type 1 reactions
are the subject of interest. For that, radical reactions for chosen fuels are discussed in
detail in Chapter 5.4.



3 ULTRASONIC PHENOMENON
3.1 Ultrasound and cavitation

Ultrasound is defined as a sound wave with frequency of 20 kHz — 10 MHz. According
to Ashokkumar and Mason (2007) ultrasound frequency area can be classified into three

regions as following:

e 20-100 kHz = low frequency and high power ultrasound,
e 100 kHz — 1 MHz = intermediate frequency and medium power ultrasound,

e 1-10 MHz = high frequency and low power ultrasound.

In sonochemistry, ultrasound with frequency under 1 MHz is mainly used. (Ashokkumar
& Mason 2007)

Cavitation was initially discovered by John Isaac Thornycroft and Sydney Walker
Barnaby in 1895. In 1917 Lord Rayleigh introduced the first mathematical model
simulating cavitation. (Thompson & Doraiswamy 1999, Bhangu & Ashokkumar 2016)
Franc & Michel (2005) define cavitation as a physical phenomenon where vapor cavities
appear in liquid. Bulk liquid is initially homogenous. Cavity is defined as a point in the
liquid where gas or vapor is dissolved into the liquid. For bubble formation, presence of
dissolved gas, or seed gas, is mandatory. (Thompson & Doraiswamy 1999) Negative
pressure occurring during rarefaction phase of the ultrasound is also crucial, since without

it cavitation bubbles cannot form (Suslick 1989).

Cavitation occurs in two different types, as acoustic cavitation and as hydrodynamic
cavitation. Acoustic cavitation takes place in static liquid. Surface of liquid is aligned
with oscillating pressure field generated by ultrasound, which initiates cavitation bubble
appearance. Appearance of cavitation bubbles requires oscillation amplitude to be large
enough. (Franc & Michel 2005) Hydrodynamic cavitation takes place in flowing liquid
and it occurs when pressure drops in the system. (Carpenter et. al 2016) Liquid flow must
be turbulent for hydrodynamic cavitation to occur. (Knapp et al. 1970). This thesis is

focused on acoustic cavitation; therefore, only it will be discussed in detail.



3.2 Mechanism of acoustic cavitation

In acoustic cavitation, ultrasound causes cavitation bubble formation in cavity (Franc and
Michel 2005). Cavities are also called weak spots or nuclei (Thompson & Doraiswamy
1999). Cavity does not necessarily have to be dissolved gas, it can also be e.g. a fracture
in the wall of the reactor where small gas bubble is trapped (Franc & Michel 2005).
Cavitation bubble formation starts in the cavity as liquid is introduced to ultrasound
(Suslick 1989).

Ultrasound wave contains two phases, rarefaction and compression. During rarefaction
phase negative pressure occurs in liquid (Suslick 1989). Rarefaction phase forces liquid
and gas away from each other at cavity, creating a tear at the spot. Cavitation bubble starts
to form at the same spot. (Thompson & Doraiswamy 1999) Negative pressure in
rarefaction phase is crucial, since without it tensile strength of liquid cannot be overcome
and bubbles can’t form (Suslick 1989). Following rarefaction phases cause the cavitation
bubble in the cavity to grow due to rectified diffusion. In rectified diffusion mass transfer
is not in balance. In acoustic cavitation mass transfer is greater from liquid to gas, which
causes bubble growth. (Crum 1980) Rectified diffusion was originally discovered by
Plesset and Hsieh in 1960 (Suslick 1989). Growth of the bubble occurs in cycles,
depending on the phase of the ultrasound wave (Thompson & Doraiswamy 1999). During
compression phase, size of a cavitation bubble decreases due to positive pressure. Positive

pressure compresses molecules inside the bubble towards each other. (Suslick 1989)

Cavitation bubble does not grow infinitely (Thompson & Doraiswamy 1999). When
bubble reaches its critical size, energy absorption from ultrasound is most efficient. After
reaching critical size bubble grows rapidly. The bubble cannot absorb energy after rapid
growth, which causes the bubble to collapse. During the collapse energy is released as
heat. Released heat from the cavity causes a hot spot at the location of the cavitation
bubble and to its surroundings. Hot spot is small, so heat transfer inside the liquid doesn’t
affect the bulk liquid temperature. (Suslick 1989) Cavitation bubble growth mechanism

is shown in Figure 1.
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Figure 1 The size of cavitation bubble grows in cycles. Size is reducing or growing
depending on the phase of the soundwave. When the bubble reaches
unstable size, it collapses, and energy is released. Illustration is done based
on Thompson and Doraiswamy’s (1999) description of mechanism of
acoustic cavitation.

Cavitation bubbles can be divided to two categories. Stable cavitation bubbles go through
several cycles before collapsing. Some of stable bubbles don’t collapse at all (Thompson
& Doraiswamy 1999) because they reach balance with diffusion, which causes them to
oscillate on the same size (Suslick 1989). Transient cavitation bubbles grow faster than
stable bubbles, causing them to go through just few cycles before collapsing. (Thompson
& Doraiswamy 1999)

A phenomenon called micro-diesel effect is defined as self-ignition of a bubble containing
vapor. To micro-diesel effect occur, bubble must contain flammable vapor or gas and
oxygen. Ignition is caused by high temperature. (Krahl & Weber 2018) Based on the
knowledge about cavitation mechanism it seems plausible that cavitation could be
causing micro-diesel effect, since cavitation bubble collapse causes high amount of
energy to release (Suslick 1989). Krahl and Weber (2018) also considered this possibility.
Only a limited amount of literature is describing micro-diesel effect, so conclusive
knowledge about possibility of cavitation causing micro-diesel effect does not seem to

exist.



3.3 Factors affecting cavitation

The amount of gas or vapor dissolved into the liquid affects cavitation, since cavities are
required for cavitation to occur. Gas can be fed into the liquid in order to create cavities.
If gas is fed into the liquid, specific heat ratio of gas should be taken into consideration.
Specific heat ratio is defined as the ratio between constant pressure, specific heat and
constant volume specific heat. The higher the ratio is, more efficient the cavitation is.
(Thompson & Doraiswamy 1999) Heat conductivity of gas also affects how much energy
is released. Gases that have poor heat conductivity, e.g. xenon, cause more energy release
during collapse, because they hold the heat inside the cavitation bubble better than gases
with good heat conductivity, e.g. helium. (Suslick 1989)

Properties of the bulk liquid are known to influence the intensity of cavitation. Strong
cavitation can be achieved when liquid used has low vapor pressure, high viscosity and
high surface tension. When properties are opposite; vapor pressure is high, viscosity is
low and surface tension is low, cavities form more easily, but cavitation is weaker.
(Thompson & Doraiswamy 1999) Tensile strength of the liquid also affects cavitation.
Type of liquid and purity affect magnitude of tensile strength. Tensile strength is a
parameter explaining how easily cavities are formed inside the liquid. For pure liquids
tensile strength can be so great, that cavities cannot be formed with negative pressure
caused by ultrasound. For example, for a cavity to form in pure water, negative pressure
over 1000 atm is required, but only 50 atm negative pressure can be achieved with
ultrasound. Tensile strength of liquid can be reduced with crevices filled with gas, since
gas causes weak spots to occur in liquid. Normal tap water contains dissolved gases, for
which negative pressure required for cavity formation is only a few atmospheres. (Suslick
1989)

Temperature has a significant effect on the intensity of the cavitation. Raising liquid
temperature increases vapor pressure. This causes cavitation bubbles to form more easily,
because amount of vapor is higher. However, cavitation is weaker, since increased
amount of vapor decreases the amount of energy released during bubble collapse. For
that, low temperature causes stronger cavitation. (Suslick 1989, Thompson and
Doraiswamy 1999) Pressure also affects the intensity of cavitation. When external

pressure increases, vapor pressure in cavitation bubbles decreases. Lower the vapor

10



pressure is, more energy is released during collapse. Strong cavitation can be achieved
with low temperature and high pressure. (Thompson & Doraiswamy 1999) When external
pressure is above 1380 kPa, the increase of the pressure has little to no effect on the

intensity of cavitation (Moulton 1983).

In acoustic cavitation the frequency and the power of ultrasound have some effect.
Frequency affects the intensity of cavitation. The higher the frequency is, the weaker the
cavitation is. One reason for this might be that negative pressure occurring in the
rarefaction phase is not efficient enough compared to the time of the cycle. Other reason
might be that compression phase occurs faster than cavitation bubbles collapse.
(Thompson & Doraiswamy 1999) However, it has not been proven that the frequency of
the ultrasound has a significant effect to the intensity of cavitation (Entezari et al. 1997).
Frequency affects critical size of cavitation bubble, which has a minor effect on cavitation
(Suslick 1989). While using higher frequencies, it is possible that more radicals are
formed, which gives more opportunities for cavities to form (Crum 1995). Mason and
Peters (2002) stated that the higher frequency, the more radicals are formed until
maximum amount is reached at 300 kHz. Ultrasound frequency used in sonochemical

reactions is usually 20 — 50 kHz (Thompson & Doraiswamy 1999).

Amplitude of ultrasound affects the cavitation bubble formation. If amplitude is too low,
bubble cannot be formed. (Franc & Michel 2005) Intensity of ultrasound affects
cavitation bubble growth speed. With high-intensity ultrasound, growth of a cavitation
bubble is fast during just one cycle. Bubble growth is stable and not cyclic since mass
transfer is only going from liquid to gas with high-intensity ultrasound. With low-

intensity ultrasound bubble growth is slower and cyclic. (Suslick 1989)

3.4 Cavitation erosion

Erosion of materials is something that needs to be taken into consideration while choosing
materials for the reactor. According to Knapp et al. (1970) the amount of erosion is
correlating with the location of cavitation bubbles collapsing. Brujan (2011) noticed that
material and liquid properties, as well as surface shape and cavitation intensity affect the
amount of cavitation erosion. The duration of cavitation has effect on the erosion rate,

though no universal law is known to describe this. (Brujan 2011)
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According to Brujan (2011) the amount of erosion on the reactor surface may increase
over time. Usta and Aktas (2017) studied cavitation erosion caused by air jet. They
discovered that the amount of erosion indeed increases as time interval is prolonged.
Quantified correlation was not found. (Usta & Aktas 2017) Because there is no universal
law to describe the amount of erosion, it can only be concluded that the longer the reaction
time is, the more erosion can be detected. (Qiu et al. 2015) Usta and Aktas (2017) also

discovered that increase in flow rate increases damages on the surface as well.

Cavitation erosion can be prevented by coating the reactor. Reason for using the coating
is to protect the underlying material from cavitation erosion. Durability of the coating
depends on the thickness and material of the coating. Polyurethane (PU) and ceramic are
possible options for coating materials. PU coating resists corrosion and impact well, but
it has limitations in the usage. PU is rubber, so coating may peel off at high temperatures.
Ceramic coating is not as strong as PU coating when exposed to cavitation, but it is
cheaper and more resistant to temperature. (Qiu et al. 2015)

3.5 Radical formation

Free radicals are atoms or molecules with odd number of electrons on their outer core.
Radicals are highly active i.e. they aim to react with compounds in the solution. (Gong &
Hart 1998) As cavitation bubble collapses, radicals are formed (Mason & Peters 2002).
Due to high temperature and pressure during collapse, vapor inside the cavitation bubble
experiences molecular fragmentation leading to free radical formation. Radicals formed
react in the collapsing bubble or in the bulk liquid after migrating from the collapsing
bubble. (Mason 1996) Radical formation is affected by ultrasound frequency. Maximum

radical production is achieved at 300 kHz frequency. (Mason & Peters 2002)

Radical formation occurs in hot gas phase inside the cavitation bubble. Radical reactions
occur in hot gas phase or droplets inside the bubble, in liquid shell around the bubble or
in liquid medium surrounding the bubble. (Mason & Peters 2002) Reaction zones are

illustrated in Figure 2.
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Figure 2 Reaction zones for radical formation in cavitation bubble and surrounding
bulk liquid according to Mason and Peters (2002). Scale of the figure is not
accurate.

According to Gong and Hart (1998), the primary radical formation mechanisms for pure

water contacted with ultrasound are:

H,0 2 H e+ OH o (1)
He+He2 H, (2)
OH o+ OH « 2 H,0, (3)
He +0, 2 HO, o (4)
He + H,0 2 H,0, (5)
HO,s + HOy s 2 H,0, + 0, (6)
H,0 ¢ +OH o2 Hy0,+ H o (7)

According to Mason and Peters (2002), water decomposition with sonolysis occurs as
reactions (1), (3), (4) and (6). Similar radical reactions may occur inside cavitation bubble
if evaporated water is present in the bubble (Mason & Peters 2002). Detailed radical

reactions for fuels chosen are discussed in Chapter 5.4.
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4 COMBUSTION REACTORS
4.1 Internal combustion engines

An engine is considered as internal combustion engine when chemical energy of fuel is
released by burning reaction inside the engine. Internal combustion engines can be
classified into two types, spark-ignition gasoline engine (SI engine) and compression-
ignition diesel engine (CI engine). Other classification method is to divide engines to 2-

stroke and 4-stroke engines based on their operation method.

Table | Engine classification based on operating cycles and fuel used (Heywood
1988, Stone 1999).

Gasoline as fuel Diesel as fuel
2-stroke engine | 2-stroke Sl engine | 2-stroke CI engine
4-stroke engine | 4-stroke Sl engine | 4-stroke CI engine

Both 2-stroke and 4-stroke engines can use gasoline and diesel as fuel (Heywood 1988)
as shown in Table I. This classification method was also used by Stone (1999).

4-stroke engine operating cycle contains induction, compression, expansion and exhaust
phases, which of all have their own operating stroke. 2-stroke engine operation cycle has
the same four phases, but they are conducted with just two strokes, compression and
power. (Stone 1999) 2-stroke CI engine is the engine type of interest in this thesis, because
they are commonly used in marine transportation, and the future application for
sonocatalysed combustion is targeted there. For that, only 2-stroke CI engine will be
discussed in more detail. 2-stroke CI engines are categorized as slow speed engines,
engine speed of which is 50 — 300 rpm (Patil 2017).

4.2  Conventional 2-stroke diesel engine

Crankcase-scavenged engine is the simplest 2-stroke CI engine (Heywood 1988,
Rogowski 1953). Crankshaft allows piston movement up and down. Piston has a deflector
on top of it, which affects flow inside the cylinder. Fresh feed flows to crankcase through
inlet port. From there flow goes up to cylinder, where fuel is injected. With deflector,
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fresh feed flows up in the cylinder instead of straight out with combustion gases.
Combustion gases release through exhaust port. (Rogowski 1953) Basic structure of 2-

stroke CI engine is showed in Figure 3.

Fuel injection

@

Deflector

Cylinder \

Transfer port
Exhaust port {—— /

D Piston

Inlet port ——)» —

Crankcase

Figure 3 Basic structure of crankcase-scavenged 2-stroke CI engine. Illustration
drawn based on illustration of Heywood (1988).

As explained by Stone (1999), 2-stroke CI engines operate with two strokes, compression
and expansion stroke. In compression stroke piston goes up in the cylinder to its highest
position, top dead centre. While piston is rising, exhaust port closes and pressure inside
the cylinder starts to increase. As piston rising continues, inlet port opens, and fresh air
feed flows to crankcase because pressure inside the crankcase is lower than ambient
pressure. (Rogowski 1953, Stone 1999) Fuel is injected through a nozzle directly to the
combustion chamber when pressure increase has caused air temperature to increase to

self-ignition temperature. Pressure rise initiates combustion. (Andersson 2010)

Ignition causes pressure to increase rapidly inside the cylinder, which causes cylinder to

start lower its position. While piston lowers, exhaust port opens, and exhaust gases are
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released. At the same time transfer port opens allowing fresh feed to flow from crankcase
to the cylinder. Piston lowering increases pressure in the crankcase which causes flow
upwards. After piston has reached bottom dead centre, piston starts to rise and the cycle
stars again. (Rogowski 1953, Stone 1999)

4.3 Cl engine development

Development concerning emission reduction and efficiency improvements have been
made to conventional Cl engines. One way to increase engine efficiency is to mix small
amount of high-reactivity fuel, e.g. diesel, with low-reactivity fuel, e.g. ethanol. This
technique is known as reactivity-controlled compression ignition. Besides higher
efficiency, leaner run is achieved. Disadvantage is that two injectors are required, as well
as two fuel tanks. (Ciatti 2015)

Emission reduction and higher efficiency is also the goal of gasoline compression ignition
or partially premixed compression ignition. With these techniques only one fuel is used.
(Ciatti 2015) Benefit of gasoline compression ignition is that gasoline has a long ignition
delay compared to diesel, which improves mixing with air before ignition and in so
enhances the combustion efficiency. (Kalghatgi et al. 2006) In partially premixed
compression ignition mixing is also more efficient, leading to better combustion
efficiency (Ciatti 2015).

Even though development has already been achieved, more research is needed, especially
concerning emissions reduction. As Ciatti (2015) mentioned, CI engines tend to have
emission problems instead of efficiency problems. Biofuels are one common approach
for reducing emissions that is being currently focused on. Biofuel can be made of e.g.
vegetable oil, algae or biomass. Goal for biomass usage is to reach high efficiency but
also to reduce emissions coming from transportation. (Ciatti 2015)
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5 COMBUSTION REACTION CHEMISTRY

5.1 Fuels

For the experiments, three different liquid fuels are considered. Fuels and their properties
are examined and used for determining what conditions are required for combustion to

occur. Fuels chosen are:

e ethanol ETAX B
o manufactured by Altia Industrial,
o purity 92.4 w-%,
e synthetic 1-hexanol
o manufactured by Merck,
o purity <100 %,
e Dbiodiesel UPM BioVerno Diesel
o manufactured by UPM Biorefineries,

o mixture consisting mostly of primary hydrocarbons Cg-C20 (UPM 2017).

Table 1l Physical properties of fuels chosen for the experimental part.
ETAXB 1-hexanol | UPM BioVerno Diesel
p, [9/cm?] 0.811* 0.820* 0.800-0.830**
Thoilp, ["C] 78.2 155 150
Thoilr, [C] 78.2 155 150 - 370
Tselt-ig, [C] 363 - 425 285 ~220
Tiash, ['C] 13 -17 60 >55
Pvapf, [KPa] 5.85* 0.1* <0.1***
C(LEL), [vol-%] 3.3 1.2 -
C(UEL), [vol-%] 19.0 7.7 -
Flammable as liquid No No No
Reference Altia 2017, 2019 | Merck 2018 UPM 2017

*at20°C  **atl1l5°C ***at37°C

Properties of the fuels chosen are shown in Table Il. Ethanol could be a suitable option
for combustion experiments due its low flashpoint. Biodiesel is a hydrocarbon mixture
(UPM 2017) that is used as a fuel. Considering that, biodiesel is a suitable option while
thinking about the possible future applications. Issue with biodiesel is that its properties
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are not exactly known. 1-hexanol is suitable for its properties being close to properties of
biodiesel and for its composition being well known, so making estimations and analysing

results in details is easier with 1-hexanol.

5.2 Reaction equations

Reactions require presence of oxygen, heat and burning material. When trying to initiate
burning reaction with cavitation, heat required comes from cavitation bubbles collapsing
in the liquid. Bulk liquid is the burning material and oxygen comes from air or it is

dissolved into fuel.

Combustion reaction of ethanol is

CHsCH,0H +30, - 2 CO0, + 3 H,0. (8)

Combustion reaction of 1-hexanol is

CH;CH,CH,CH,CH,CH,0H + 90, — 6 CO, + 7 H,0. (9)

Based on Equations (8) and (9), 1-hexanol combustion requires three times more oxygen
than ethanol combustion. The longer the carbon chain is, the more oxygen is required.
When burning UPM BioVerno Diesel, required molar amount of oxygen is even bigger,

since it consists of hydrocarbons containing 9-20 carbons (UPM 2017).

These burning reactions only apply if burning occurs completely. In practice that requires
excess amount of oxygen and heat compared to the amount of fuel. If those requirements
aren’t fulfilled, part of the fuel is burned to CO or left unburned.

5.3 Explosive limits

Lower explosive limit (LEL) and upper explosive limit (UEL) define a range, in which
air-fuel composition of mixture must be for the mixture be flammable. I.e. this means

limits for vapor or gas concentrations in air as volume-%. (Nolan 2014). For ethanol LEL
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is 3.3 vol-% and UEL 19.0 vol-% (Altia 2017) and for 1-hexanol LEL 1.2 vol-% and UEL
7.7 vol-% (Merck 2018). Specific LEL and UEL are unknown for BioVerno diesel (UPM
2017).

Measuring pressure changes in the reactor can be used for determining gas phases vol-%
of evaporated fuel. Gas’ initial pressure after evaporation can be calculated from Dalton’s

law of partial pressures

p= Xpi (10)

where Pi partial pressure inside the reactor, [kPa].

In this case initial total pressure consists of air pressure and vapor pressure of fuel,

therefore Equation (10) is defined also as

P = Dvapf T Pa (11)
where Pa air pressure, [kPa],
Pvapf vapor pressure of evaporated fuel, [kPa].

Mole fraction is determined as

x =< (12)

where Nc amount of the certain component, [mol],

Ntot total amount of substance, [mol].

For ideal gases, mole fraction can also be defined as Raoult’s law
x =2 (13)

where Pe partial pressure caused by certain component in

the gas, [kPa].
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Mole fraction of evaporated fuel in gas phase, also vol-%, is then

x= —Lwnl (14)

DPvap,ft Pa

At saturation point dynamic equilibrium occurs between gas and liquid phases. (Speight
2019) If measured pressure change is used instead of known vapor pressure in Equation
(14), mole fraction calculated tells fuel mole fraction in the gas phase at that moment.

Fuel temperature is known to affect vapor pressure of the compound. If 20 °C is not
enough to reach saturation and desired composition between LEL and UEL, fuel
temperature must be changed to reach explosion composition. Experimentally determined
vapor pressures of ethanol and 1-hexanol at different temperatures are shown in Figure 4
and as tables in Appendix | and Appendix II.
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Figure 4 Experimental vapor pressures for ethanol (Dortmund Data Bank 2019a) and
1-hexanol (Nasirzadeh et al. 2006).
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When effect of temperature to vapor pressure is known along with LEL and UEL
concentrations, suitable temperature for combustion occurrence can be estimated.
Smallest required temperature is the same as flash point. Small differences between
known and calculated flash points may occur, since fuel used in determining vapor

pressures are not the exact same qualities as fuels used in the experiments.

Air pressure used in the calculations is 101.325 kPa. Mole fractions calculated from
Equation (14) are compared with known LEL and UEL concentrations. From there it can
be found out that temperature range for ethanol to evaporation be between LEL and UEL
should be ~12 — 45 °C. Calculated results are shown in Appendix Ill. Calculated in the
same way from Equation (14), 1-hexanol temperature should be ~55 — 85 °C. 1-hexanol
calculations in both cases are shown in Appendix IV. Temperature range for 1-hexanol is
inaccurate, since vapor pressure data was only known at 5 °C accuracy. For biodiesel this
estimation cannot be done, since vapor pressures or LEL and UEL concentrations are

unknown.

These calculations are theoretical and actual temperature ranges can differ from
calculated, since actual air pressure differs from assumption of pressure being as in NTP
conditions. These calculations only give an approximation on the suitable temperature

range for the experiments.

5.4 Radical reactions

Radicals present in water radical reactions; hydrogen, hydroxyl and hydroperoxyl, are
also present in radical reactions with alcohols. Water radical reactions were discussed in
Chapter 3.5. In Figure 5 are shown radical reactions occurring during ethanol combustion
reaction. R in Figure 5 refers to radicals (hydrogen, hydroxyl and hydroperoxyl). (Sarathy
et al. 2014)
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Figure 5 Ethanol combustion reaction path diagram. Most of the radical reactions
occur at high temperatures, reactions occurring at low temperatures are
marked green. (Sarathy et al. 2014)

As can be seen from Figure 5, numerous different radical reactions can occur during
ethanol combustion. Various products are formed through these radical reactions. It is
plausible that these reactions occur during sonication, which means that combustion
reaction occurring is more complicated than just the basic combustion reaction shown in
Equation (8). In practice this means that besides CO; and water, other products could be

formed during combustion due to radical reactions.

As ethanol radical reactions can occur at low or high temperatures, 1-hexanol radical
reactions occur at high temperature. For the pathway analysis 1 000 K temperature was
used. (Yeung & Thomson 2013) These reactions could occur during cavitation, since
cavitation bubble collapse causes significant energy release (Suslick 1989), even if fuel
temperature itself is suitable for combustion; 60 — 90 “C was estimated to be suitable in
Chapter 5.3. Figure 6 shows possible products formed during radical reactions for 1-

hexanol.
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Figure 6 1-hexanol combustion pathway diagram at 1 000 K temperature (Yeung &
Thomson 203).

As with ethanol, products from radical reactions can be produced during cavitation. While
making a hypothesis for the reaction mechanism, this must be considered, since other

reactions besides actual combustion reaction, see Equations (8) and (9), are plausible.
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Il EXPERIMENTAL PART

6 REACTOR DESIGN
6.1 Basis of the reactor design

As a basis for the combustion reactor design, reactor design by Laasonen (2018) is used.
Liquid was on the bottom of the reactor and ultrasonic horn was positioned from the top
of the reactor to a height where its tip was in the liquid. Reactor gas phase initially
contained only air. Two valves were installed in the reactor so the reactor could be
ventilated. Pressure sensor was used to measure pressure difference between inside and
outside of the reactor. (Laasonen 2018) Structure of the PVVC reactor is showed in Figure
1.

Ultrasonic
horn

Pressure

sensor /

Valve /
_ \\ Valve
Power Reactor Liquid (fuel)

source

Figure 7 Experimental setup used in previous study concerning sonocatalysed
combustion (Laasonen 2018, modified).

Some issues occurred with this reactor type. Ultrasonic horn warmed up during
experiments, which caused plastic to soften. For that, attachment between reactor and
ultrasonic horn started to leak. This issue needs to be taken into consideration while
designing reactor. Also, some damages were visible on the reactor wall after a few

experiments, which indicated that PVC is not the best material choice for the reactor. Part
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that is missing from this reactor is gas inlet. Assumed main reason for previous study to
fail is the lack of dissolved gas in the liquid. (Laasonen 2018) Cavitation requires gas
cavities that act as nucleation sites (Thompson & Doraiswamy 1999), so gas inlet needs

to be added, or fuel must initially contain dissolved gases.

6.2 Combustion reactor structure and flow sheet

Basis of the reactor is reactor tank made of stainless steel 304. Tank is 6.8 cm high and
its inner diameter is 16.4 cm. Thickness of the wall is 2 mm. Lid and bottom of the reactor
are stainless steel 304. Bottom is 5 mm thick and lid 6 mm. Part of the reactor is filled
with fuel (VL). Initially gas phase (VG) contains only air, and as experiments progress,
some of the fuel evaporates to gas phase. Also, possible reactions occurring change the

composition of gas phase. Reactor is shown in Figure 8.

16.4 cm

Gaseous phase
VG

6.8cm
VLI Liquid phase

Figure 8 Ratio between liquid volume and gas volume (VG/VL) is one of the
parameters than can be changed.

Ultrasonic transducer is supported with stainless steel cylinder. Part of the horn fills the
support cylinder, so the cylinder volume is not considered in the reactor volume. The

cylinder is 2.5 cm high and its inner diameter is 3.6 cm. Wall thickness is 2 mm.

Two fuel outlets are in the bottom of the reactor. Outlets go through pipes with height of
5 cm. Gas inlet, outlet and pressure transmitter are attached to the reactor lid with 7 cm
pipes. Fuel is poured into the reactor through the inlet pipe on the lid, as well as air inlet
is attached to gas inlet on the lid. Air inlet has a separate 7 cm long pipe with a valve. All
the connection pipes have inner diameter of 4 mm and wall thickness 2 mm. Flow sheet

is shown in Figure 9.
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Fuel outlet <—[><|— 4{)(]—’ Fuel outlet

Figure 9 Flow sheet of the reactor system. Fuel inlet is done through the gas inlet as
a certain mass of fuel is poured into the reactor.

Gas and fuel inlets and outlets have valves, manufactured by Onnline, in the ends.
Hosepipes are connected to valves, through of which feed and outlet flows go. Total

volume of the reactor is 1441.6 cm?®.

6.3 Reactor devices

Reactor devices are ultrasonic horn, pressure transmitter and thermometers. Ultrasonic
transducer is installed in the middle of the reactor lid. One inlet and one outlet pipe are
next to the horn, as well as attachments for thermometers. Third pipe on the lid is for the
safety valve and gas outlet. Fuel outlet pipes are on the bottom. Figure 10 shows

illustration of device layout in the experimental setup.
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Figure 10  Ultrasonic horn is attached to the lid of the reactor. Most of the connections
are on the lid of the reactor.

Table I11 Devices used and their properties. HMBandelin 2019, ILabom 2019.

Device Device Properties & Limitations
component
Ultrasonic maximum 200 W output power,
transducer frequency of 20 kHz,
i _ 0
UW 2200 amplitude control 10 — 100 %,

sonication volume 2 — 1000 ml

Bandelin Sonopuls Booster horn

Ultrasonic Homogeniser frequency of 20 kHz
HD2200-2!4 SH213G
Horn tip maximum amplitude 165 pum,
TT 13 sonication volume 20 — 900 ml
nominal range 4 bar,
Pressure transmitter measuring range 0 — 4 bar,
Pascal CV CVv3100/ overpressure limit 10 bar,
measuring error < 0.15 %
K-type thermoelements accuracy +1 °C
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Devices and their properties and limitations are shown in Table I1l. Ultrasonic horn and
its components are chosen based on the properties. Ultrasonic transducer UW 2200,
manufactured by Bandelin, is chosen for it having a suitable sonication volume. Horn tip
defines even more specifically the volume of liquid that can be sonicated at once. TT 13
tip has a suitable sonication volume, and it can be used with the chosen UW 2200

homogenizer. The tip is also suitable for its great amplitude control feature.

Pressure transmitter Pascal CV CV3100, manufactured by Labom, is chosen for its
accuracy. With uncertainties concerning possible pressure increases occurring, pressure
transmitter should be as accurate as possible, but also it should have relatively high range.
For those reasons, the transmitter chosen seems suitable. Also, this transmitter can be
attached to the data acquisition system used. Data collecting is done with LabView
software (National Instruments 1990). K-type thermoelements are chosen for temperature

measurements, since they can be connected with LabView as well.

The scale used for measuring the mass of fuel is UW6200H, manufactured by Shimadzu.

Accuracy of the scale is 0.1 grams.

28



7 GAS SOLUBILITIES
7.1 Aspen-simulation

Oxygen and CO; solubilities to ethanol and 1-hexanol are needed for estimating possible
conversions for the combustion reaction. Solubilities are determined with Aspen Plus V9

simulation. Flowsheet of the used simulation is shown in Figure 11.

GASOUT =
o— FUEL MIX FLASH?
T
MIXED
o— AIR
FUELOUT =

Figure 11  Flow sheet of the Aspen Plus simulation used for determining gas
solubilities.

Fuel inlet FUEL consist of only ethanol or 1-hexanol. Fuel inlet temperature is 20 °C and
pressure 101.325 kPa. Flow in fuel inlet is 1 dm®/day. Fuel inlet is small so long residence
time can be reached. Air inlet AIR consist of 21 vol-% of oxygen, 0.035 vol-% of CO;
and 78.965 vol-% of nitrogen. Air inlet temperature is 20 °C and pressure 101.325 kPa.
Air inlet flow is 100 dm®/day. Air flow is significantly higher compared to fuel flow to
ensure that maximum dissolution is reached; to ensure that amount of gas fed is big
enough for maximum amount of gas to dissolve. Inlets are mixed in mixer MIX to ensure

efficient mixing.

Flash FLASH2 is used for simulating the actual gas dissolution. Flash temperature is
20 °C and pressure 101.325 kPa. From outlet flow FUELOUTLET amount of oxygen and

CO- dissolved can be determined.

Henry Components were used for the simulation. Oxygen, nitrogen and CO> were defined

to be Henry components. In binary interactions Henry’s parameters are defined.
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According to Aspen Plus V9 Help, Aspen Plus V9 searches those parameter values from

Dortmund Data Bank.

Table IV Henry’s parameters used to determine gas solubilities in Aspen Plus V9.

Componenti | CO; (0)) N> CO2 0, N>
Component j | Ethanol | Ethanol | Ethanol | 1-hexanol | 1-hexanol | 1-hexanol
a 89.5831 | -30.2976 | -1.9302 | 4.40057 | 7.12458 | 7.39157

b -5018.8 | 651.84 | -22.082 0 0 0

C -11.891 | 7.0212 | 2.2061 0 0 0

d 0 -0.01493 | -0.00883 0 0 0

e 0 0 0 0 0 0

T,[°C] 10-40 | -25-50 | -60 - 50 25 25 25

Searched values are shown in Table IV. Parameters are binary and dependent on the
temperature. Some of the parameter values were missing, but Aspen simulation for the
solubilities was still able to be done. Flash column uses Henry’s law for calculating the
solubility from previously determined Henry components for oxygen, nitrogen and CO..

Equation used for solubility calculation, according to Aspen Plus V9 Help, is

Hi,A =al-A+bl-A/T+cl-A ln(T)+diAT+€iA/T2 (15)
where H; 4 Henry’s constant for component i in solvent A,
[bar],
aia Henry’s constant parameter a for component i in
solvent A,
bia Henry’s constant parameter b for component i in
solvent A,
Cia Henry’s constant parameter ¢ for component i in
solvent A,
dia Henry’s constant parameter d for component i in
solvent A,
€ia Henry’s constant parameter e for component i in
solvent A.
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Aspen Plus simulation made uses values shown in Table IV in Equation (15) to calculate

amount of gases dissolved to outlet flows.

7.2 Results

From Aspen Plus simulation outlet concentration amount of dissolved gases can be

determined.

Table V Stream flow rates and compositions for solubility simulation with ethanol.

Flow rate Stream
AIR FUEL |[MIXED |GASOUT |FUELOUT
TOTAL FLOW, [10° mol/hr] | 173.216 | 727.398 | 900.614 | 183.627 | 716.988
ETH, [10° mol/hr] 0.000 |727.398|727.398| 10.686 716.713
02, [10° mol/hr] 32.705 | 0.000 | 32.705 | 32.628 0.076
CO2, [102 mol/hr] 0.040 | 0.000 | 0.040 0.039 0.001
N2, [10% mol/hr] 140.472| 0.000 |140.472| 140.274 0.198

Based on the flow compositions shown in Table V, amount of oxygen dissolved into

ethanol is

0.076%1073 mol O _ 1o
— 02— (,106 % 1073 ———% (16)
716.713%10 mol ETH mol ETH
and amount of CO: dissolved into ethanol is

0.001%1073 mol CO _3 mol COo
— Z_—=0.002 %1073 —==, (17)
716.713%10~3 mol ETH mol ETH

Table VI Stream flow rates and compositions for solubility simulation with 1-hexanol.

Flow rate Stream
AIR FUEL |MIXED |GASOUT |FUELOUT
TOTAL FLOW, [10° mol/hr] | 173.216 | 336.119|509.335 | 173.101 | 336.234
1-HEX, [10°2 mol/hr] 0.000 |336.119|336.119| 0.108 336.011
02, [10° mol/hr] 32.705 | 0.000 | 32.705 | 32.653 0.052
CO2, [102 mol/hr] 0.040 | 0.000 | 0.040 0.039 0.001
N2, [10% mol/hr] 140.472| 0.000 |140.472| 140.302 0.170
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Based on the flow compositions shown in Table VI, amount of oxygen dissolved into 1-
hexanol is

* -3
0.052 1_03 mol 0, — 0.154 * 10_3 mol 0, ( 18 )
336.011%1073 mol (1—HEX) mol (1-HEX)
and amount of CO dissolved into 1-hexanol is
*10~3
0.0009 1_03 molCO,  _ 0.0028 % 10-3 mol CO, . (19)
336.011%1073 mol (1—-HEX) mol (1-HEX)

These calculated solubilities are used for determining maximum conversions for the fuel

combustion. Conversion calculations are shown in Chapter 8.

7.3 Error sources

Since the solubilities are simulated instead of experimentally determining them for the
exact ethanol and 1-hexanol used, results are not perfectly accurate. Aspen Plus V9 takes
compound properties from Dortmund Data Bank, see (Dortmund Data Bank 2019b).
Those properties are likely to differ from the properties of fuels used, which will
ultimately cause error. Some of the properties required were not found from the database
for 1-hexanol as seen in Table IV. Aspen was still able to run the simulation, but
solubilities are not accurate. Also, values known for 1-hexanol only apply at 25 °C

temperature. Simulation is run at 20 °C, which means that even greater error is occurring.

Possible impurities in the fuel can also cause variance to the gas solubilities. Here the
assumption is that the amount of impurities is small, and their effect is negligible. This
also applies to the possible amount of water in the fuel. Even though these simulated
solubilities contain error compared to the actual solubilities, this accuracy is enough to

make estimations on the possible combustion.
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8 CONVERSION
8.1 Conversion without dissolved oxygen and CO>

Conversion tells how much of the substance has reacted to products. Maximum

conversion 1 is reached when all the substance has reacted. Conversion is calculated from
nr

X = > (20)

where Nr amount of fuel reacted, [mol],

Nt amount of fuel, [mol].

Maximum conversion depends on the amount of oxygen in the reactor. Assumption here
is that there is no oxygen dissolved into ethanol, i.e. no2 only consist of oxygen in the gas
phase. Based on the reaction Equations (8) and (9), theoretical maximum amount of
ethanol that can react is !5 of the amount of oxygen in the gas phase and maximum amount

of 1-hexanol that can react is % of the amount of the oxygen.

Maximum conversion of ethanol

no2
Xmax,e = nSf (21)
where No2 amount of oxygen, [mol].

Maximum conversion of 1-hexanol

no2
Xmax,h = i_f- ( 22 )

For both cases, amount of oxygen is calculated with ideal gas law for the gas volume as
shown in Appendix V. Calculation tables are shown in Appendix VI and Appendix VII.
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Table VII  Maximum conversions of ethanol and 1-hexanol with no dissolved gases
for different VG/VL ratios.

VGIVL | Xmaxe, [%] | Xmaxh, [%6]
91 | 0.149 0.109
41 | 0.066 0.048
31 | 0.050 0.036
21 | 0.033 0.024
11 | 0017 0.012

Relation between the amount of gas and liquid in the reactor, VG/VL ratio, affects
conversion. When the amount of liquid increases, the amount of gas decreases, which
reduces the amount of oxygen inside the reactor. Maximum conversions for ethanol and

1-hexanol are shown in Table VII.

When maximum conversion is known, pressure change in the reactor and final CO>
concentration in the gas phase can be calculated. Calculation tables are shown in

Appendix VI and Appendix VII.

Table VIII  Theoretical final CO concentration in the gas and pressure change in the
reactor for ethanol combustion with no dissolved gases for different VG/VL
ratios.

VG/VL | Ccoy, [%] | 4p, [kPa]

9:1 11.72 14.2
4:1 11.72 14.2
3:1 11.72 14.2
2:1 11.72 14.2

1:1 11.72 14.2

Table IX  Theoretical final CO. concentration in the gas and pressure change in the
reactor for 1-hexanol combustion with no dissolved gases for different
VG/VL ratios.

VG/VL | Ccoz, [%] | 4p, [kPa]
9:1 12.83 9.5
4:1 12.83 9.5
3:1 12.83 9.5
2:1 12.83 9.5
1:1 12.83 9.5
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Table V111 shows theoretical maximum final CO2 concentration and pressure change for
ethanol combustion when dissolved gases are not present. Table X shows theoretical
maximum final CO> concentration and pressure change for 1-hexanol combustion when
dissolved gases are not present. What is notable in both cases is that final CO-
concentration and pressure change have no relation with the amount of fuel. This can be
explained with proportions. In all the cases component restricting the reaction is oxygen.
Amount of substance in the gas increases proportionally compared to the amount of
oxygen consumed. Simultaneously amount of oxygen is dependent only on the gas
volume. As gas volume increases, amount of oxygen consumed, and water and CO>
produced increase proportionally. With constant reactor volume this causes pressure
change to be proportional also, which leads pressure change being constant with all the
VG/VL ratios. Same applies with CO. concentration, amount of CO: increases
proportionally as reactor volume increases, leading to final CO2 concentration being
constant. When dissolved oxygen is take into consideration, this proportionality does not

apply anymore.

8.2 Conversion with dissolved oxygen and CO>

In the reality fuel contains dissolved oxygen and CO». Dissolved oxygen affects
conversion, since with dissolved oxygen more of the fuel can react. CO> is a product in
combustion reaction, so it has no effect on the conversion. Maximum amounts of
dissolved oxygen and CO2 where determined with Aspen Plus V9 simulation. Nitrogen
is not present in the burning reaction, so it is not discussed, even though its solubility
could have been determined based on the simulated outlet concentration as well.

Table X Amount of dissolved oxygen and CO: to ethanol and 1-hexanol.

Fuel
Ethanol | 1-hexanol
Gas Gas solubility to fuel
02 | 0.106*10° mol O2/ mol ETH | 0.154*10° mol O/ mol (1-HEX)
CO; | 0.002*10" mol CO,/ mol ETH | 0.003*10" mol CO, / mol (1-HEX)
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Amount of dissolved gas per mol of fuel is shown in Table X. Exact amount of gas

dissolved into a certain amount of fuel is

Ngas,da = Cgas,d * Ny ( 23 )
where Ngas,d Amount of dissolved gas, [mol],
Cyas,a Concentration of dissolved gas, [mol/mol].

Table XI ~ Amount of dissolved oxygen to ethanol at different VG/VL ratios at 20 °C.

VG/VL 9:1 4:1 3:1 2:1 1:1
Ne, [Mol] 2.538 | 5.075 | 6.344 | 8.459 | 12.689
No2,d, [mol] 0.000 | 0.001 | 0.001 | 0.001 | 0.001
No2g, [Mol] 0.011 | 0.010 | 0.009 | 0.008 | 0.006
Total no2, [mol] | 0.012 | 0.011 | 0.010 | 0.009 | 0.008

Table X1 Amount of dissolved oxygen to 1-hexanol at different VG/VL ratios at
20 °C.

VG/VL 9:1 4:1 3:1 2:1 1:1
nn, [mol] 1.157 | 2.314 | 2.893 | 3.857 | 5.786
No2,d, [mol] 0.000 | 0.000 | 0.000 | 0.001 | 0.001
No2g, [Mol] 0.011 | 0.010 | 0.009 | 0.008 | 0.006
Total no2, [mol] | 0.012 | 0.011 | 0.010 | 0.009 | 0.007

Table XI and Table XII show total amount of oxygen in the system when amount of
dissolved gas is taken into consideration. Conversions are calculated again with dissolved

oxygen.

Table X111 Maximum conversions for different VG/VL ratios when ethanol is initially
saturated with oxygen.

VG/VL Xmax,e, [%] Xmax,h, [%]
9:1 0.152 0.110
4:1 0.070 0.050
3:1 0.053 0.038
2:1 0.037 0.026
1:1 0.020 0.014
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Table X111 shows maximum conversions, when maximum amount of oxygen is dissolved
at 20 °C. Conversion is calculated as with no dissolved oxygen, see Equations (21) and
(22). Difference is that here the molar amount of oxygen no. consists of oxygen in the

gas phase no2,g and the oxygen dissolved no2,g.

Table XIV  Theoretical final CO. concentration in the gas and pressure change in the
reactor for ethanol combustion with dissolved oxygen for different VG/VL
ratios.

VG/VL | Ccoz, [%] | 4p, [kPa]
9:1 11.91 15.0
4:1 12.15 16.1
3:1 12.30 16.7
2:1 12.58 18.0
1:1 13.38 21.8

Table XV Theoretical final CO. concentration in the gas and pressure change in the
reactor for 1-hexanol combustion with dissolved oxygen for different
VG/VL ratios.

VG/VL | Ccoz, [%] | 4p, [kPa]
9:1 12.97 9.90

4:1 13.15 10.5
3:1 13.26 10.9
2:1 13.47 11.6

1:1 14.08 13.8

Table XIV and Table XV show theoretical final CO2 concentrations and pressure changes
caused by combustion. As seen, amount of oxygen affects in a way that proportionality
does not apply anymore, and calculated results are different for each VG/VL ratio. Higher
VG/VL ratio seems to cause higher CO2 concentrations and pressure change with both

fuels. Calculation tables used are shown in Appendix V11l and Appendix IX.
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9 REACTION MECHANISM HYPOTHESIS

Based on theory, it seems probable that micro-diesel effect is the reason for combustion.
Seed gas causes cavitation and collapsing bubbles could release enough heat to ignite
adjacent bubbles. For this to occur, mass transfer of fuel is required from liquid to gas
bubbles inside the liquid. If any cavitation occurs, mass transfer will also occur since
bubble size growth during cavitation is based on rectified diffusion. If adjacent bubbles

are ignited, more heat is released, and chain reaction could initiate.

To all this happen, temperature is crucial. For different fuels different temperatures are
required in order to vapor pressure be at certain range to cause evaporation rate to be
between LEL and UEL. If temperature is too low or high, ratio of evaporated fuel and air
is not suitable for combustion. Illustration on possible reaction mechanism is shown in

Figure 12.

Gas bubbles
containing air and

Gaseous phase evaporated fuel

containing air

and evaporated O O
fuel O

Liquid fuel
o0 /

(0]
00 Rectified diffusion due

U ultrasound

Figure 12 Ultrasound causes rectified diffusion to gas bubbles inside the liquid. As
bubbles collapse, energy is released, and the hypothesis is that this released
energy initiates combustion.

For this thesis, it is not relevant whether the combustion occurs in liquid or in the gas, if
some combustion is occurring. To reach combustion in the gas phase requires significant
temperature and/or pressure rise inside the reactor. As cavitation bubbles are small, it
seems more likely to have combustion occurring in gas bubbles in liquid than heating the

whole gas phase to self-ignition temperature.
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What needs to be taken into consideration is that temperature near cavitation bubble
collapse is significantly higher than the liquid temperature. This means that combustion
can possibly occur even if fuel temperature is lower than flash point. Vice versa, if fuel
temperature is suitable concerning LEL and UEL, combustion may not occur due over
heating at the collapse site. If temperature is too high, there is so much vapor in the gas
bubble that conditions inside the bubble are not suitable for combustion. As amount of
vapor increases, relative amount of air reduces, leading to amount of oxygen to be

insufficient for combustion.

Amount of oxygen dissolved into fuels is small, so if combustion occurs, it is likely that
also the oxygen in the gas phase reacts. It seems probable that the oxygen in the gas
dissolves into fuel and then acts as a seed for the cavitation, as oxygen in the air does not
react during cavitation. It seems unlikely that combustion would occur in the gas phase,
since the whole concept of cavitation is based on dissolved gas being in the liquid and

initiating cavitation.

Radical reactions can occur during cavitation and cavitation bubble collapse. If products
from radical reactions are evaporated to cavitation bubble, they may increase or decrease
the changes of combustion occurrence by changing suitable combustion temperature. The
temperature can be higher or lower depending on what products are produced and how
much is produced. Radicals can be produced during combustion, and it could be possible
that they transfer from the collapsed bubble to adjacent bubbles.
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10 THERMAL EFFECT OF ULTRASONIC HORN
10.1 Heat absorbance

As it was noticed by Laasonen (2018), ultrasonic horn warms up while being used. To
know how great the thermal effect of ultrasound is, experiments are required.
Experiments should be conducted with pure liquid that has tensile strength great enough,
that ultrasound cannot cause negative pressure big enough to overcome liquids tensile

strength. For example, pure, degassed water is this type (Suslick 1989).

By measuring temperature of liquid, it can be determined how much energy gets absorbed
to the liquid as heat during a certain time interval. When liquid properties and initial
conditions for the reaction are known, thermal effect of ultrasound can be estimated.
Based on the results from experiments conducted with water, it can be estimated how

much fuel temperature increases during combustion experiments.

Amount of heat absorbed Q can be calculated from

Q =cxmx*AT (24)
where c specific heat capacity, [kJ/(kg*K)],
m mass, [ka],
AT temperature change, [K].

This equation can be used for calculating heat absorbed to liquid (water or fuel) Qi, gas

Qg and reactor structure Qr.

Amount of heat consumed in evaporation can be calculated from

Qevap =T *Meyqp (25)
where r specific evaporation heat, [kJ/kg],
Mevap mass of evaporated liquid, [kg].

Total amount of heat Qtot can be calculated

Qtot = Q1 + Qevap + Qg + Q5 (26)
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Qtot Is assumed to be the same as the heat generated by the ultrasonic horn. Heating power

of ultrasonic horn P can then be calculated

p = St (27)

ts

where ts sonication time, [s].

10.2 Experiments

Thermal effect experiments are conducted with water. 600 g of water is set to the reactor
at 20.9 °C ambient temperature and 101.4 kPa ambient pressure. Amplitudes used in the
experiments are 20 %, 40 %, 60 %, 80 % and 100% of the maximum amplitude 165 pm.

Table XVI  Experiment parameters for determining thermal effect of ultrasonic horn.

A, [% of the maximum] | A, [um] | Mw, [9]
20 % 33 599.93
40 % 66 600.14
60 % 99 599.97
80 % 132 [600.03
100 % 165 |599.92

Table XVI presents the exact water mass used in different thermal effect experiments.
During experiments temperature of water and gas are being monitored, as well as the
pressure in the reactor. Setup used in the experiments is the same reactor used in the
combustion experiments. Temperatures and pressure were measured for 60 seconds
before ultrasound was turned on. Sonication time was 5 minutes. After ultrasound was
turned off temperature and pressure measuring were left on for another 60 seconds to see
if changes would occur after sonication. Water was replaced with fresh water and reactor

was dried between experiments.

10.3 Results

From Figure 13 it can be seen that the higher the amplitude is the greater the water
temperature rise is during sonication. Detailed measured data can be found from
Attachment 1.
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Figure 13  Measured water temperature changes with different ultrasound amplitudes.
Amplitudes are shown as % of the maximum 165 um. Ambient temperature
was 20.9 °C and pressure 101.4 kPa. Sonication was started at 60 s and
stopped at 360 s.

Mixing is assumed to be efficient during experiments due to ultrasound. Fuel temperature

stabilised after sonication, which supports the assumption.

Table XVII Temperature and pressure changes measured during 5 minutes of sonication
of water at different ultrasound amplitudes. Accuracy of temperature is
+1 °C and error in pressure measurements is < 0.15%.

A Taa, Tge, | ATg, | Ti, Tie, | 4Tig, | p(diff)y, | p(diff);, | 4p,
[%] | ['C] | ['C] | [’'C] | ['C] | [°C] | [°C] [kPa] [kPa] | [kPa]
100 | 20.24 | 23.42 | 3.18 | 20.39 | 29.13 | 8.74 -1.0 3.1 4.1
80 | 20.10 | 22.82 | 2.72 | 20.30 | 27.54 | 7.24 -0.7 2.0 2.7
60 | 20.85 | 23.02 | 2.17 | 20.91 | 26.50 | 5.59 -0.8 15 2.3
40 | 21.06 | 22.42 | 1.36 | 21.11 | 25.07 | 3.96 -1.1 0.8 1.9
20 | 20.78 | 21.62 | 0.84 | 20.98 | 23.28 | 2.30 -1.1 -0.1 1.0
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As Table XVII also shows, temperature rise increases more when higher amplitudes are
used. As seen from results shown in Attachment 1, gas phases temperature also increased.
This is caused by heat transfer from liquid to gas. Besides temperatures, pressure inside
the reactor was also increased during experiments for water evaporation increasing due

temperature rise. Gas phase temperature rise also affects the pressure increase.

10.4 Data handling

From (24) the amount of energy absorbed to water can be calculated for measured
temperature changes with different ultrasound amplitudes. Masses used in calculations
are the same as shown in Table XVI. Specific heat capacity of water is 4.19 kJ/(kg*K)
(Kervinen et al. 2013).

Table XVIII Theoretical heat absorbances to water calculated from measured temperature

changes.
A, [% of the maximum] | ATiig, [°C] | Qi, [KJ]
20 2.30 5.78
40 3.96 9.96
60 5.59 14.05
80 7.24 18.20
100 8.74 21.97

Table XVI11 shows calculated energy absorbances to liquid. Calculations are made based

on water temperature changes, and calculations are shown in Appendix X.

From Equation (24) the amount of energy absorbed to gas can be calculated. Mass of air
can be calculated from air density when air volume is known, see Appendix XI. Specific

heat capacity of air at constant volume is 0.72 kJ/(kg*K) (Kervinen et al. 2013).
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Table X1X Theoretical heat absorbances to gas calculated from measured temperature

changes.
A, [% of the maximum] | ATg, [°C] | Qg, [KJ]
20 0.84 0.00
40 1.36 0.00
60 2.17 0.00
80 2.72 0.00
100 3.18 0.00

As seen from Table XIX, amount of heat absorbed to gas is negligible. Detailed
calculation is shown in Appendix XI. For that, heat absorbed to air is not taken into

account while making estimation for the fuel temperature rises.

To calculate increase in amount of evaporated water, pressure change caused by amount
of vapor increasing must be determined first. Pressure change occurring in the reactor can
be caused by gas phase temperature change or increase in amount of substance in gas
phase. Pressure change caused by temperature rise can be determined by applying Gay-
Lussac’s law discussed earlier. To apply Gay-Lussac’s law, initial and final pressure
inside the reactor must be known. Ambient pressure during thermal effect experiments
was 101.4 kPa.

Initial pressure inside the reactor p: can be calculated

P1 = Pamp + P(diff)s (28)
where Pamb ambient pressure, [kPa],
p(diff)1 initial pressure difference, [kPa].

Final pressure inside the reactor p2 can be calculated

P2 = Pamp + P(diff)2 (29)
where Pamb ambient pressure, [kPa],

p(diff)z final pressure difference, [kPa].

Values for p(diff)1 and p(diff). at different ultrasound amplitudes are shown in Table XVII.

44



Table XX Initial and final pressure inside the reactor in thermal effect experiments at
different ultrasound amplitude settings.

A, [%] | ps, [kPa] | p2, [kPa]
20 | 1003 | 1013
40 | 1003 | 102.2
60 | 1006 | 102.9
80 | 100.7 | 103.4
100 | 1004 | 1045

Calculated results from Equations (28) and (29) are shown in Table XX. Detailed

calculations are shown in Appendix XII.

By applying Gay-Lussac’s law to values shown in Table XVII and Table XX pressure

change caused by temperature rise Aptemp IS

1T,
Aptemp = P2temp — P1 = ;giz — P1- (30)

where P2.temp changed pressure when only gas temperature

change affects pressure, [kPa].

Table XXI Calculated pressure changes caused by gas phase temperature rise at different
ultrasound amplitudes.

Av [%] Aptemp, [kpa]
20 0.3
40 0.5
60 0.7
80 0.9
100 1.1

Pressure changes caused by temperature rise in the reactor are shown in Table XXI.

Detailed calculations are shown in Appendix XIII.

Since pressure rise can only be caused by temperature change or change in the amount of
gas moles in the reactor remaining pressure rise is caused by molar changes. Pressure
change caused by rise of gas moles Apmolar in the reactor can be calculated based on

Dalton’s law as

APmotar = 4Ap — Aptemp- (31)
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Table XXII Calculated pressure changes caused by increase in amount of substance in
gas phase at different ultrasound amplitudes.

A, [%] A pmolar, [kPa]
20 0.7
40 1.4
60 1.6
80 1.8
100 3.0

Pressure changes caused by increase of gas moles is shown in Table XXII and detailed
calculations are shown in Appendix XIV. In these thermal effect experiments Apmoiar IS

only caused by water evaporation.

From ideal gas law amount of water evaporated can be calculated as

ApmolarVyg
nwater,evap - Rng . ( 32 )

For all the cases gas volume is 840 cm® and Apmolar Values are shown in Table XXII.
Measured Tg are shown in Table XVII. Moles can be changed into mass when molar

mass of water is known

mwater,evap = nwater,evap * water- (33)

Molar mass of water is 18.016 g/mol (Karkela & Yli-Kokko 2013).

Table XXII1 Amount of evaporated water in moles and kilograms at different ultrasound

amplitudes.
A, [%] Nwater evap, [m0|] Mwater evap, [kg]
20 0.00024 0.000004
40 0.00049 0.000009
60 0.00053 0.000010
80 0.00060 0.000011
100 0.00103 0.000018
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Calculated amounts of evaporated water are shown in Table XXIII. Detailed calculations

are shown in Appendix XV.

Now amount of heat for evaporated water can be calculated from Equation (21). Specific
evaporation heat for water is 2 440 kJ/kg at 20 °C. (Kervinen et al. 2013)

Table XXIV Heat consumed in water evaporation at different ultrasound amplitudes
during 5 minutes of sonication.

A! [%] Qevap, [k‘]]
20 0.01
40 0.02
60 0.02
80 0.02

100 0.05

Table XXIV shows the amount of heat consumed in water evaporation. Detailed

calculation is shown in Appendix XVI.

Amount of heat absorbed to reactor is estimated. Estimated final temperature is average
from ambient and final water temperature. Bottom of the reactor is likely to be close to
the final water temperature or near it, but top parts of the reactor are likely to be near
ambient temperature. Specific final average temperature of the reactor structure is

unknown. For that, presented assumption is made.

Mass of reactor is 4.724 kg, see Appendix XVII. From (20) estimation of heat absorbed
can be calculated. Specific heat capacity of stainless steel 304 is 0.500 kJ/(kg*K) and
density 7 900 kg/m?® (Euro Inox 2007).

Table XXV Estimated average reactor temperature at the end of sonication and heat
required for the heating at different ultrasound amplitudes.

A, [% of the maximum] | ATy, ['C]| Qr, [kJ]
20 1.18 2.79
40 2.07 4.89
60 2.80 6.61
80 3.32 7.83
100 411 9.71
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Table XXV shows the estimation for the reactor heating and amount of heat absorbed to

reactor structure. Detailed calculations are shown in Appendix XVIII.

From (25) Qtwt can be calculated. From (26) the actual heating power of the horn can be
determined, when it is known that sonication time is 300 s.

Table XXVI Total heat absorbed and estimated heating power of ultrasound.

A, [% of the maximum] | Quwt, [kJ] | P, [kKW]
20 8.58 | 0.0286
40 14.87 | 0.0496
60 20.68 | 0.0689
80 26.05 | 0.0868
100 31.73 | 0.1058

Table XXVI shows calculated values of heat absorbed and estimation for the heating
power of ultrasound. Detailed calculations are shown in Appendix XI1X and Appendix
XX.

Now that estimation for heat absorbance is made, estimation for ethanol and 1-hexanol

temperature rise can be made.

10.5 Estimation of fuel temperature rise

Based on thermal effect experiments, estimation on ethanol and 1-hexanol temperature
rise can be made. Qo is assumed to be same with different fuels and fixed with amplitude
setting. Qg was noticed to be negligible, so it is not taken into account in estimation
calculations. With water Qevap Was also noticed to be negligible. Even though fuel
properties can affect it significantly, its effect is not taken into consideration either, since
reactor gas phase volume is small and therefore amounts of fuel evaporating are minor.

These assumptions also simplify the estimation, since now

Qtor = Qf + Q. (34)
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In details, based on Equation (21),
Qror = My * ¢ x ATy + ¢ xm, * AT, (35)

Now that all the properties are known, except final temperature, from Equation (35) final
temperature of the fuel can be solved. Qi is fixed and values for each amplitude are
shown in Table XXVI. Mass and specific heat capacity of the reactor are known, as well
as fuel mass at certain VG/VL ratio and fuels’ specific heat capacities. Initial temperature

is assumed to be 20 °C.

Table XXVII Ethanol and 1-hexanol masses at different VG/VL ratios.

VG/VL | me, [kg] | mn, [kg]
9:1 0.117 | 0.118
4:1 0.234 | 0.236
3:1 0.292 | 0.296
2:1 0.390 | 0.394
1:1 0.585 | 0.591

Table XXVII shows ethanol and 1-hexanol masses at different VG/VL ratios. Densities
are assumed to be the same as reported at safety sheets, see Table 11. Ethanol specific heat
capacity is 2.46 kJ/(kg*K) (ChemPages 2019) and 1-hexanol 236.5 J/(mol*K)
(Arutyunyan 1981), which is 2.31 kJ/(kg*K).

Now, by solving Equation (35) for all the known configurations, estimation for the final

fuel temperatures can be made. Detailed calculations are shown in Appendix XXI.

Table XXVIII Theoretical final temperature of ethanol at different fuel volumes and
ultrasound amplitudes when initial temperature is 20 °C.

A, [% of the maximum]
20 | 40 | 60 | 8 | 100
VG/VL T, ['C]

9:1 25.84 30.12 34.08 37.74 41.60
4:1 24.88 28.47 31.77 34.83 38.06
3:1 24.52 27.83 30.89 33.72 36.71
2:1 24.01 26.95 29.66 32.17 34.82
1:1 23.27 25.68 27.89 29.94 32.11
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Table XXVIII shows how much ethanol temperature can theoretically increase during
experiments at different amounts of fuel and different ultrasound amplitudes. These
estimated values can be compared with measured values, and that comparison can be used

as a part of determining possible combustion occurrence.

Table XXIX Theoretical final temperature of 1-hexanol at different fuel volumes and
ultrasound amplitudes when initial temperature is 20 °C.

A, [% of the maximum]
20 | 40 | 60 | 8 | 100
VG/VL Tr, ['C]

9:1 25.90 30.23 34.23 37.92 41.83
4:1 24.97 28.61 31.98 35.09 38.38
3:1 24.60 27.97 31.09 33.97 37.02
2:1 24.10 27.11 29.89 32.46 35.17
1:1 23.37 25.84 28.12 30.23 32.46

Table XXIX shows how much 1-hexanol temperature can theoretically increase during
experiments at different amounts of fuel and different ultrasound amplitudes. As with

ethanol, this estimation can be used for determining possible combustion occurrence.

Theoretical amount of heating only contains heating caused by thermal effect of
ultrasonic horn. If combustion occurs, temperature of fuel will rise more since combustion
is exothermic reaction. Some conclusions about possible combustion occurrence can be
made based on fuel temperature. However, to get conclusive results other indicators

should be used as well.

10.6 Error sources

Possible error during experiments can be caused by several factors. As water was fed to
the reactor, small amount of it was left on the bottom of the beaker. This causes error to
the amount of water in the reactor, besides natural inaccuracy of the scale. Water used in
the experiments may have some impurities in it, e.g. some residues separated from the

pipeline. This may have a small effect on the results.
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Thermometers and pressure transmitter have their own natural inaccuracy as well, which
will cause some error also. Since all the measurements are done with same equipment,
error has the same magnitude in all the experiments. Pressure transmitter used in the
experiments has an error of < 0.15 %, which can be said to be negligible and to have no
effect on the reliability of the results. Thermometers have an accuracy of +1 °C.
Magnitude of the error is assumed to be roughly the same during the whole measurement,
which means that calculated temperature change between initial and final temperature is
assumed to be fairly accurate. With that assumption comparison between estimated and
actual temperature change can be done. Based on results, this assumption is correct, since
during sonication every temperature measured was higher than the previous value, as it
should be. If the magnitude of error would vary significantly during sonication,
temperature would occasionally decrease instead of constantly rising; i.e. measured value

would be lower than actual at some measuring points and higher at some.

Amplitude setting of the ultrasound had a variance of ~ +2 percentage point in every
experiment. The screen on the control unit showed actual ultrasound amplitude setting as
a bar besides the set value. Is was noticed that small variance occurred in the actual value.
This causes some error to the results compared to ideal case where the actual amplitude
is exactly the same as set value at all times. This error is not significant, since the
measured value varied at times both above and below the set value during the

experiments.

Error sources are also present in the estimation calculations. Inaccuracies of heat
capacities and masses inevitably cause error. Heat capacities used are may differ from the
actual heat capacity values, since heat capacities of the actual fuels were not known, and
value had to be taken from another ethanol and 1-hexanol, and their quality may be
slightly different.

For the estimation, final temperature of the reactor structure had to be assumed, which
will cause error to the temperature rise estimation. Also, simplifying estimation by
leaving out gas temperature rise and evaporation heat causes small error, even though

their effect was noticed to be minor.
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10.7 Conclusions

From the calculations, when VG/VL ratio and amplitude are increased, temperature rise
should also increase with both ethanol and 1-hexanol. If experiments with ethanol are
started at 20 °C, maximum final temperature for ethanol allowed based on LEL and UEL
calculations in Chapter 5.3 is about 48 °C. Based on the estimation, ethanol experiments

could be conducted with all the configurations.

If experiments with 1-hexanol are started at 20 °C, final temperature should be 60 - 90 °C
to get flammable air-fuel mixture. Based on the estimation, final temperature of 1-hexanol
cannot reach required with these configurations. However, combustion could still occur

due to local hot spots forming to fuel during cavitation.
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11 ETHANOL COMBUSTION
11.1 Selection of combustion parameters

For all fuels, parameters to be varied are ultrasound amplitude, fuel concentration and
VG/VL ratio. To have combustion occur, amplitude should be as high as possible, since
high amplitude improves chances for cavitation to occur (Franc & Michel 2005). Due to
shape of the reactor, VG/VL ratio must be 1:1 or 2:1, otherwise tip of ultrasonic horn is
not in the liquid. With those VG/VL ratios, fuel temperature rise should be within the
estimated limits concerning overheating according to estimation made in Chapter 10.5.
Also, theoretical pressure increase in the reactor is higher with small VG/VL ratio, which
helps with confirmation of combustion. For that, the best theoretical possibility to reach
combustion is when fuel used is ethanol, amplitude is 100 % of the maximum 165 pm

and VG/VL ratiois 1:1.

Besides the assumed best conditions, other options are studied. Experiments are
conducted with amplitudes of 100 %, 60 % and 20 %. VG/VL ratios used are 1:1 and 2:1,
both that can be used with the reactor design.

11.2 Experiments

Experiments were conducted with amplitudes and VG/VL ratios chosen in Chapter 11.1.
Based on VG/VL ratios, a certain amount of ethanol was fed to the reactor. Ethanol mass
is 585 g when VG/VL ratio is 1:1 and 390 g when VG/VL ratio is 2:1. After fuel was fed
to the rector, valves in the lid were closed and pressure and temperatures were let to
stabilize. After pressure inside the reactor and liquid and gas temperatures had been stable
for one minute, ultrasound was turned on at the chosen amplitude. Ultrasound was on for
5 minutes. After sonication was stopped, temperature and pressure measurements were
left on for another minute. After measuring was stopped, fuel was drained out through

bottom valves, and reactor was flushed with air.

Ambient temperature during the experiments with VG/VL ratio 1:1 was 20.0 °C and
pressure 100.2 kPa. Ambient temperature during the experiments with VG/VL ratio 2:1
was 19.3 °C and pressure 101.0 kPa.
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Table XXX Exact ethanol masses used in the experiments with VG/VL ratios of 1:1 and

2:1.
Me, [g], when | me, [g], when | me, [g], when

VGIVL | Run | "4 2500% | A=60% | A=209%
11 | 1 585.06 584.95 584.94
11 | 2 585.04 585.03 585.01
11 | 3 584.92 584.98 585.04
21 | 1 390.02 390.01 390.04
21 | 2 390.04 390.00 390.01
21 | 3 390.02 390.02 390.00

Experiments were conducted 3 times for all configurations. Exact ethanol masses used
are shown in Table XXX.

Besides the actual experiments, one control run was done with both VG/VL ratios. In the
control run amplitude was 0 %. Mass of ethanol was 585.01 g, ambient temperature
20.0 °C and ambient pressure 100.2 kPa during the control experiment with VG/VL ratio
1:1. Mass of ethanol was 390.00 g, ambient temperature 19.3 °C and ambient pressure

101.0 kPa during the control experiment with VG/VL ratio 2:1.

As personal protection, earmuffs were required to be used during sonication. Signs

warning about ultrasound were placed on the doors.

11.3 Results

Average temperature and pressure changes were calculated from the three repetitions.
Figure 14 shows average ethanol temperatures at different ultrasound amplitudes when
VG/VL ratio is 1:1 and Figure 15 average ethanol temperatures at different ultrasound
amplitudes when VG/VL ratio is 2:1 Differences between final fuel temperatures at

different ultrasound amplitudes are significant, as can been seen.
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Figure 14  Measured average fuel temperatures during sonication with different
ultrasound amplitude settings when fuel used was ethanol and VG/VL ratio

1:1.
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Figure 15  Measured average fuel temperatures during sonication with different
ultrasound amplitude settings when fuel used was ethanol and VG/VL ratio
2:1.
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With VG/VL ratio 1:1, fuel temperature starts to rise immediately after sonication is
started. With VG/VL ratio 2:1, there seems to be a 15 second delay before fuel
temperature starts to rise. Detailed measuring data in Attachment 1 shows that there is
little to no temperature rise during that 15 seconds. Likely reason for this is that the tip of
the ultrasonic horn is not completely in the fuel during sonication. As sonication is started,
physical effect of ultrasound causes fuel to move in the reactor. Due this movement, tip
of the horn may not be in the liquid at all times, which can cause heat loss and possibly
the delay observed. Since this delay does not occur with VG/ VL ratio 1:1, it is safe to
say that the geometry of the reactor is causing this. For that, VG/VL ratio 2:1 should not

be used in 1-hexanol experiments.

Figure 16 shows average gas temperatures at different ultrasound amplitudes when
VG/VL is 1:1 and Figure 17 average gas temperatures at different ultrasound amplitudes
when VG/VL is 2:1. As noticed with fuel temperatures, variance between amplitudes is
notable. Since ultrasound does not move well in the gas phase, it is probable that gas

temperature rise is mainly caused by heat transfer from fuel to gas.

35

33

31 ETH, A 20 %,
VG/VL 1, avg.
29
T 27 ETH, A 60 %,
. VG/VL 1, avg.
> 25

® ETH, A 100 %,
VG/VL 1, avg.

x ETH, control,
19 VG/VL 1

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420
t, [s]

Figure 16  Measured average gas temperatures during sonication with different
ultrasound amplitude settings when fuel used was ethanol and VG/VL ratio
1:1.
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Figure 17  Measured average gas temperatures during sonication with different

ultrasound amplitude settings when fuel used was ethanol and VG/VL ratio
2:1.

Delay noticed in fuel temperature rise with VG/VL ratio 2:1 is also present in gas
temperature rise. This can be explained by gas temperature rise being caused mainly by
heat transfer from fuel to gas. This can be stated since it is known that ultrasound does
not move well in gas. Since delay is occurring in fuel temperature, it is logical that delay

IS occurring in gas temperature rise as well.

Figure 18 shows average pressure differences at different ultrasound amplitudes when
VG/VL is 1:1, and Figure 19 when VG/VL is 2:1. As with temperatures, pressure

differences vary remarkably between different ultrasound amplitude settings.
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Figure 18  Measured average pressure differences in the reactor during sonication with
different ultrasound amplitude settings when fuel used was ethanol and
VG/VL ratio 1:1.
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Figure 19  Measured average pressure differences in the reactor during sonication with
different ultrasound amplitude settings when fuel used was ethanol and
VG/VL ratio 2:1.

Again, a small delay is noticed at pressure rise when sonication is starter when VG/VL
ratio was used. Pressure rise is fully or partially caused by evaporation, so it is justifiable
that the same delay occurs here as well.
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11.4 Data handling

Conclusions about the possible combustion occurrence can be made based on the results.
One interesting aspect is to determine how much of the measured pressure change is
caused by temperature rise in the gas phase 4ptemp and how much is caused by the increase
in amount of substance in the gas phase Apmolar. INcrease in amount of substance can be
caused by evaporation Apevap Or chemical reaction, in this case combustion, occurrence

APcomb.

Table XXXI Ethanol temperature, gas temperature and pressure changes prior and after
sonication at different ultrasound amplitudes when VG/VL ratio was 1:1.

Accuracy of temperature is =1 °C and error in pressure measurements is
<0.15%.

A, RUN Toi, | Tg2, | ATg, | T, Tio, | ATy, | p(diff)s, | p(diff)z, | 4p,
[%] [Cl | ['C] |[C]| ['C] | ['C] | [C] | [kPa] | [kPa] | [kPa]
100 | 1 |18.46|26.29 | 7.83|18.39 |30.90 | 1251 | -0.9 10.8 11.7
100 20.88 | 28.38 | 7.50 | 20.84 | 32.73 1189 | ~-1.0 9.9 10.9
100 | 3 | 21532890 | 7372157 [3337[1180| -15 10.0 115
100 | avg. | 20.29 | 27.86 | 7.57 | 20.27 | 32.33 | 12.07 | -11 10.2 114
60 1 1955 |23.78 |4.23 1945|2744 | 7.99 -1.0 1.2 8.2
60 2043 | 24.71 | 428 | 20.48 | 28.39 | 7.91 -1.0 6.9 7.9
60 | 3 2134|2569 |435|21.44 |29.22 | 7.78 -1.1 1.2 8.3
60 |avg.|20.44 | 24.73 | 4.29 | 20.46 | 28.35 | 7.89 -1.0 7.1 8.1
20 1 120922217 |1.25]21.03|24.22 | 3.19 -1.1 3.6 4.7
20 20.47 | 21.73 | 1.26 | 20.57 | 23.84 | 3.27 -0.6 3.4 4.0
20 | 3 [20.61 2218|157 |20.73 | 23.97 | 3.24 -1.0 3.4 4.4
20 |avg. | 20.67 | 22.03 | 1.36 | 20.78 | 24.01 | 3.23 -0.9 3.5 4.4

N

N

N
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Table XXXII Ethanol temperature, gas temperature and pressure changes during 5
minutes of sonication at different ultrasound amplitudes when VG/VL
ratio was 2:1. Accuracy of temperature is =1 "C and error in pressure
measurements is < 0.15%.

A RUN Tgr, | Tg2, | ATq, | T, T, | 4Tt | p(diff)y, | p(diff)2, | 4p,
[%] ['Cl | ['C] |[C1| ['C] | [C] | ['C]| [kPa] | [kPa] | [kPa]
100 | 1 |18.66 | 23.44 | 4.78 | 18.58 | 25.09 | 6.51 -0.8 3.9 4.7
100 | 2 11939 | 243 | 491 |19.27 | 25.95 | 6.68 -0.7 3.8 4.5
100 | 3 ]19.67 | 2459 | 492 | 19.64 | 26.13 | 6.49 -0.7 4.3 5.0
100 | avg. | 19.24 | 24.11 | 4.87 | 19.16 | 25.72 | 6.56 -0.7 4.0 4.7
60 1 [19.13]21.84 | 2.71 | 19.04 | 23.19 | 4.15 -1.0 1.8 2.8
60 2 119.08 | 21.87 | 2.79 | 19.08 | 23.20 | 4.12 -1.0 1.9 2.9
60 | 3 1895|2171 | 2.76|18.95 | 23.07 | 413 -0.8 2.2 3.0
60 |avg. | 19.05|21.81 | 2.75 | 19.02 | 23.15 | 4.13 -0.9 2.0 2.9
20 1 11931]20.71 140 193 | 2149|219 -0.8 0.2 1.0
20 2 119.00]20.39 139 19.04 2121219 -1.2 0.7 1.9
20 | 3 |18.68|20.26 | 1.58 | 18.7 | 21.15| 245 -0.8 0.9 1.7
20 |avg. | 19.00 | 20.45 | 1.46 | 19.01 | 21.28 | 2.28 -0.9 0.6 1.5

Ambient pressure during the experiments was 100.2 kPa (VG/VL ratio 1:1) or 101.0 kPa
(VG/VL ratio 2:1). As it can be seen from Table XXXI and Table XXXII, same variance
in the results occur between repetitions. Specific results from the experiment series are

shown in Attachment 1.

Table XXXIII Calculated pressures for ethanol experiments with VG/VL ratio 1:1 at
different ultrasound amplitudes. Ambient pressure vas 100.2 kPa.
Calculations are presented in Chapter 10.4.

A, [%] | Run | p1, [kPa] | p2, [KPa] | 4ptemp, [KPa] | APmolar, [KPa] | 4p, [kPa]
100 1 99.3 111.0 2.7 9.0 11.7
100 2 99.2 110.1 2.5 8.4 10.9
100 3 98.7 110.2 2.5 9.0 11.5
100 | avg. 99.1 110.4 2.6 8.8 114
60 1 99.2 107.4 1.4 6.8 8.2
60 2 99.2 107.1 14 6.5 7.9
60 3 99.1 107.4 1.5 6.8 8.3
60 | avg. 99.2 107.3 14 6.7 8.1
20 1 99.1 103.8 0.4 4.3 4.7
20 2 99.6 103.6 0.4 3.6 4.0
20 3 99.2 103.6 0.5 3.9 4.4
20 | avg. 99.3 103.7 0.4 3.9 4.4
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Table XXXIV Calculated pressures for ethanol experiments with VG/VL ratio 2:1 at
different ultrasound amplitudes. Ambient pressure vas 101.0 kPa.
Calculations are presented in Chapter 10.4.

A, [%] | Run | ps, [kPa] | p2, [kPa] | 4ptemp, [KPa] | 4Pmolar, [KPa] | 4p, [KPa]
100 1 100.2 104.9 1.6 3.1 4.7
100 2 100.3 104.8 1.7 2.8 4.5
100 3 100.3 105.3 1.7 3.3 5.0
100 |avg.| 100.3 105.0 1.7 3.1 4.7
60 1 100.0 102.8 0.9 1.9 2.8
60 2 100.0 102.9 1.0 1.9 2.9
60 3 100.2 103.2 0.9 2.1 3.0
60 |avg.| 100.1 103.0 0.9 2.0 2.9
20 1 100.2 101.2 0.5 0.5 1.0
20 2 99.8 101.7 0.5 14 1.9
20 3 100.2 101.9 0.5 1.2 1.7
20 |avg.| 100.1 101.6 0.5 1.0 1.5

Ambient pressure during the experiments was 100.2 kPa (VG/VL ratio 1:1) or 101.0 kPa
(VG/VL ratio 2:1). As it can be seen from Table XXXI and Table XXXII, same variance
in the results occur between repetitions. Specific results from the experiment series are

shown in Attachment 1.

Table XXXIII and Table XXXIV show how much of the measured pressure change is
caused by temperature rise in the gas phase and how much is caused by increase in amount
of substance in the gas phase. Calculations are shown in Chapter 10.4. Pressure change
caused by increase in amount of substance can be caused by evaporation (Apevap) Or

chemical reaction, in this case combustion, occurrence (4pcomb).

Pressure changes caused by increase in amount of substance in gas phase is around the
same as ethanol vapor pressure at final fuel temperatures. With VG/VL ratio 1:1 and
100 % amplitude ethanol final temperature was ~27 — 28 “C and measured pressure
change ~11 — 12 kPa, see Table XXXI. Ethanol vapor pressure at those temperatures is
~12 kPa (Dortmund Data Bank 2019a), which is about the same as measured pressure
changes. This similar relation between measured pressure change and known vapor
pressure is noticed for all the experiments with ethanol. From there it can be inferred that

ethanol combustion is not occurring, since Apmoiar is around the same as Apevap.
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Table XXXV Measured and estimated ethanol temperature rise for experiments with
VG/VL ratio 1:1. Estimation for the temperature rise was determined in

Chapter 10.5.

A, [%] | Run | Measured AT+, [*C] | Estimated AT%, ['C]
100 1 12.51 12.11
100 2 11.89 12.11
100 3 11.80 12.11
100 | avg. 12.07 12.11
60 1 7.99 7.89
60 2 7.91 7.89
60 3 7.78 7.89
60 | avg. 7.89 7.89
20 1 3.19 3.27
20 2 3.27 3.27
20 3 3.24 3.27
20 | avg. 3.23 3.27

Table XXXVI1 Measured and estimated ethanol temperature rise for experiments with
VG/VL ratio 2:1. Estimation for the temperature rise was determined in

Chapter 10.5.

A, [%] | Run | Measured ATy, ['C] | Estimated AT, [°C]
100 1 6.51 14.82
100 2 6.68 14.82
100 3 6.49 14.82
100 | avg. 6.56 14.82
60 1 4.15 9.66
60 2 412 9.66
60 3 4.13 9.66
60 | avg. 4.13 9.66
20 1 2.19 4.01
20 2 2.19 4.01
20 3 2.45 4.01
20 | avg. 2.28 4.01
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Table XXXV and Table XXXVI show comparison between estimated and measured
temperature rise for ethanol with VG/VL ratios 1:1 and 2:1. As can be seen, with VG/VL
ratio 1:1 estimation is accurate. For experiments with VG/VL ratio 2:1 estimation shows
notably higher temperature changes compared to the actual measured values for all the
runs. This is likely caused by tip of the ultrasonic horn not being fully under water at all
times, which leads to heat loss. Based on reactor dimensions this is probable reason, since

horn tip is barely under the surface of liquid.

11.5 Error sources

Inaccuracy during the experiments can be caused by different reasons. One error source
IS mass. Even though ethanol is fed to the reactor instantly after weighting it, small
amount of it evaporated between measuring and feeding. Also, small amount was left on
the bottom of the beaker after ethanol was fed. This error is normal, and around the same
magnitude for all the experiments, since measuring and feeding were done similarly every

time.

Amplitude setting of the ultrasound had a variance of ~ +2 percentage point in every
experiment. Screen on the control unit showed actual ultrasound amplitude setting as a
bar besides the set value. Is was noticed that small variance occurred in the actual value.
This causes some error to the results compared to ideal case where the actual amplitude
Is exactly the same as set value at all times. This error is diminutive, since the measured

value varied at times both above and below the set value during the experiments.

Measuring equipment always cause small error to measurements due their natural
inaccuracy. Accuracy of an equipment always contains measurement error. Pressure
transmitter used in the experiments has an error of < 0.15 %, which can be said to be
negligible and to have no effect on the reliability of the results. Thermometers have an
accuracy of + 1 “C. Magnitude of the error is assumed to be roughly the same during the
whole measurement, which means that calculated temperature change between initial and
final temperature is assumed to be fairly accurate. With that assumption comparison
between estimated and actual temperature change can be done. Based on results gotten
this assumption is correct, since during sonication every temperature measured was

higher than the previous value, as it should be. If the magnitude of error would vary
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significantly during sonication, temperature would occasionally decrease instead of
constantly rising; i.e. measured value would be lower than actual at some measuring

points and higher at some.

Possible impurities in the fuel can cause small errors in the measurements, since measured
results may differ from results that would have been gotten with the same substance with
impurities. In theory there should not be any impurities present, but some contamination
may have happened during weighting or feeding, e.g. some dust could have gotten to the

fuel from air.

11.6 Conclusions

Ethanol was being sonicated for 5 minutes in the combustion experiments. VG/VL ratios
used in the experiments were 1:1 and 2:1. Amplitudes used were 20 %, 60 % and 100 %
of the maximum 165 pum. Gas and fuel temperature and pressure difference between

ambient and reactor inside were measured prior, during and after sonication.

As it can be seen from the results, actual ethanol temperature rise is close to the estimated
with VG/VL ratio 1:1 for all the amplitudes. This could indicate that combustion does not
occur, since combustion would have increased fuel temperature compared to the
estimation. Also, as ultrasonic horn was turned off, pressure started to decrease instantly
along with gas temperature. Probable reason for this is that evaporated ethanol started to
condense back to liquid. Calculated Apmoiar Values are close ethanol vapor pressures at
fuel final temperature, which also indicates that pressure increase is due increasing

evaporation. Seems unlikely that combustion would have occurred with ethanol.

With VG/VL ratio 2:1 fuel temperature rise is smaller than with VG/VL ratio 1:1 with all
the amplitudes. The most likely explanation for this is that tip of the ultrasonic horn is not
entirely in the liquid at all times, since with smaller VG/VL ratio the tip is barely in the
liquid. This can cause heat loss and explain results obtained. For this reason, VG/VL ratio
2:1 is not worthwhile to be tested.

Several reasons can explain why ethanol combustion did not occur. The most likely
reason is that amount of vapor in the cavitation bubble is too great, leading to ethanol

concentration in the bubble to be over UEL concentration. In that case amount of oxygen
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Is not enough for the combustion to occur, and possible combustion is suffocated. If this

is the reason, combustion could occur with a compound with lower vapor pressure.

One possibility is that cavitation occurring is not strong enough to cause energy release
high enough for initiating combustion. This can be caused by physical properties of
ethanol or ultrasound settings. The same ultrasound settings could initiate combustion
with other fuels with different physical properties such as viscosity, vapor pressure, flash

point etc.

One possible explanation for combustion not occurring is that the cavitation bubbles are
stable for some reason. This means that they require several cycles to collapse, or they

don’t collapse at all, in which case combustion could not occur.
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12 1-HEXANOL COMBUSTION
12.1 Selection of combustion parameters

For all fuels, the varied parameters are ultrasound amplitude, fuel concentration and
VG/VL ratio. In order to have combustion to occur, amplitude should be as high as
possible, since high amplitude improves chances for cavitation to occur (Franc & Michel
2005). Due to shape of the reactor VG/VL ratio must be 1:1 or 2:1, otherwise tip of
ultrasonic horn is not in the liquid. However, based on the results obtained with ethanol
combustion experiments, it seems that VG/VL ratio 2:1 is not working properly, so for 1-
hexanol experiments it isn’t used. With VG/VL ratio 1:1 fuel temperature rise is not
enough to reach flash point according to estimation made in Chapter 10.5. Local

temperature rise in the hot spot could still be enough to cause combustion locally.

Amplitudes chosen are the that were used in ethanol combustion experiments, ergo 20 %,
60 % and 100 %. When same amplitudes are used along with same VG/VL ratio, results

can be compared with each other.

12.2 Experiments

Experiments with 1-hexanol are conducted as with ethanol. 591 grams of 1-hexanol was
fed to the reactor, based on VG/VL ratio 1:1. After fuel was fed to the rector, valves in
the lid were closed, pressure and temperatures were allowed to stabilize. After pressure
inside the reactor and liquid and gas temperatures had been stable for one minute,
ultrasound was turned on at chosen amplitude. Ultrasound was on for 5 minutes. After
sonication was stopped, temperature and pressure measurements were left on for another
minute. After measuring was stopped, fuel was drained out through bottom valves, and
reactor was flushed with air.

Ambient temperature was 20.1 “C and pressure 98.0 kPa during the experiments with 100
% amplitude, 19.5 °C and 100.3 kPa during the experiments with 60 % amplitude and
19.7 °C and 99.2 kPa during the experiments with 20 % amplitude.
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Table XXXVII Exact 1-hexanol masses used for experiments with VG/VL ratio 1:1.

Run | ™ [g], when | mn, [g], when | my, [g], when
A =100 % A=60% A=20%
1 591.01 590.97 591.02
2 591.00 591.00 591.04
3 591.03 590.02 591.04

Table XXXVII shows exact 1-hexanol masses used in each of the experiments.

Besides the actual experiments, one control experiment was run with 0 % amplitude. Mass

of 1-hexanol was 591.02 g, ambient temperature 19.7 °C and ambient pressure 99.2 kPa

during the control experiment.

12.3 Results

Average temperature and pressure changes were calculated from the three repetitions.

Figure 20 shows average 1-hexanol temperatures at different ultrasound amplitudes when

VG/VL ratio was 1:1. Differences between final fuel temperatures at different ultrasound

amplitudes are significant, as they were with ethanol.
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Measured average fuel temperatures during sonication with different
ultrasound amplitude settings when fuel used was 1-hexanol and VG/VL

ratio 1:1. Sonication was started at 60 s and stopped at 360 s.
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Averages for gas temperature rise were also calculated based on the repetitions. Figure
21 shows graphically average gas temperature changes at different ultrasound amplitudes
when VG/VL ratio was 1:1. As with fuel final temperatures, amplitude has a notable
effect on the temperature change. It is notable, that gas temperature stays constant after
sonication was stopped, unlike in experiments with ethanol, where gas temperature

started to drop right after sonication had stopped.
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Figure 21 Measured average gas temperatures during sonication with different
ultrasound amplitude settings when fuel used was 1-hexanol and VG/VL
ratio 1:1. Sonication was started at 60 s and stopped at 360 s.

Figure 22 shows average pressure differences measured when VG/VL ratio was 1:1 and
different ultrasound amplitudes were used. Pressure inside the reactor started to rise right
after sonication was started. Notable here as well as with gas temperature is that pressure
does not drop nearly as much after sonication was stopped as it did in ethanol

experiments.
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Figure 22 Measured average pressure differences in the reactor during sonication with
different ultrasound amplitude settings when fuel used was 1-hexanol and
VG/VL ratio 1:1. Sonication was started at 60 s and stopped at 360 s.

As seen from the results, gas temperature and pressure difference behave differently after
sonication in experiments with ethanol compared to the experiments with 1-hexanol when
VG/VL ratios were same. This could be an indication on some reaction or phenomenon
occurring differently with different fuels. Data analysis is needed for more detailed

analysis on what might have happened.

12.4 Data handling

As with experiments with ethanol, conclusions about the possible combustion occurrence
can be made based on the results. Pressure change is here again the main factor of interest
along with fuel temperature change. As with ethanol experiments, pressure change inside
the reactor can be caused by temperature rise in the gas phase 4ptwmp Or by the increase in
amount of substance in the gas phase Apmolar. INnCrease in amount of substance can be
caused by evaporation Apevap Or chemical reaction, in this case combustion, occurrence

APcomb.
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Table XXXVIIlI Measured temperature and pressure changed during 5 minutes of
sonication at different ultrasound amplitudes when fuel used was 1-
hexanol and VG/VL ratio 1:1. Accuracy of temperature is =1 "C and

error in pressure measurements is < 0.15%.

A, RUN Tgr, | To2, | ATy | T, | Tr, | ATy | p(diff)s, | p(diff)2, | 4p,
[%] ['Cl | [C] | ['C]| ['C] | ['C] | [C] | [kPa] | [kPa] | [kPa]
100 | 1 |20.39|25.17 | 497 |20.22 | 35511528 | -1.0 8.5 9.5
100 | 2 |21.01 | 25.56 | 4.55 | 20.96 | 36.00 | 15.04 | -1.0 8.2 9.2
100 | 3 | 2154|2578 | 4242161 3620|1458 | -1.3 5.7 7.0
100 | avg. | 20.98 | 25.50 | 4.59 | 20.93 [ 3590 | 1497 | -11 7.5 8.6
60 1 119.80 | 2257 | 2.77 | 19.76 | 29.74 | 9.98 -0.8 5.6 6.4
60 | 2 |20.45 2312 | 2.67 | 20.46 | 30.27 | 9.81 -1.2 5.4 6.6
60 | 3 |20.31]23.09| 278 |20.33|29.99 | 9.66 -1.2 4.3 5.5
60 |avg.|20.19 | 22.93 | 2.74 | 20.18 | 30.00 | 9.82 -1.1 5.1 6.2
20 1 12012 |21.11|0.99 |20.17 | 24.82 | 4.65 -0.9 3.3 4.2
20 | 2 [20.22 121.21]0.99 | 20.16 | 24.79 | 4.63 -1.0 3.5 4.5
20 | 3 |20.60 | 2154 |0.94 | 20.58 | 25.07 | 4.49 -1.2 1.8 3.0
20 |avg.|20.31 | 21.29 | 0.97 | 20.30 | 24.89 | 4.59 -1.0 2.9 3.9

As seen from Table XXXVIII, variance in temperatures and pressures also occurs in 1-

hexanol experiments.

Table XXXIX Calculated pressures for 1-hexanol experiments with VG/VL ratio 1:1.
Ambient pressure was 98.0 kPa for experiments with 100 % amplitude,
100.3 for experiments with 60 % amplitude and 99.2 kPa for experiments

with 20 % amplitude. Calculations are presented in Chapter 10.4.

A, [%] Run pl, [kPa] p2, [kPa] Aptemp, [kPa] Apmolar, [kPa] Ap, [kPa]
100 1 97.0 106.5 1.6 79 9.5
100 2 97.0 106.2 15 7.7 9.2
100 3 96.7 103.7 14 5.6 7.0
100 |avg. | 969 | 1055 15 7.1 8.6
60 1 99.5 105.9 0.9 5.5 6.4
60 2 99.1 105.7 0.9 5.7 6.6
60 3 99.1 104.6 0.9 4.6 5.5
60 | avg. 99.2 105.4 0.9 5.3 6.2
20 1 98.3 102.5 0.3 3.9 4.2
20 2 98.2 102.7 0.3 4.2 4.5
20 3 98.0 101.0 0.3 2.7 3.0
20 | avg. 98.2 102.1 0.3 3.6 3.9
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All the fuel temperatures in the end of the sonication were around 36 °C when amplitude
was 100 %. 1-hexanol vapor pressure at that temperature is ~0.4 kPa (see Appendix II),
which means that pressure change caused by increase of gas moles, shown in Table
XXXI1X, cannot only be caused by increase of evaporation rate. Same thing applies with
amplitude 60 %, since at final temperature, around 30 °C, vapor pressure is ~0.25 kPa
(see Appendix Il), which is also significantly lower than pressure change caused by
increase of gas moles.

Table XL Measured and estimated 1-hexanol temperature rises at different ultrasound
amplitudes when VG/VL is 1:1. Estimated temperature rises were determined

in Chapter 10.5.

A, [%] | Run | Measured AT%, [°C] | Estimated ATy, [°C]
100 1 15.28 12.46
100 2 15.04 12.46
100 3 14.58 12.46
100 | avg. 14.97 12.46
60 1 9.98 8.12
60 2 9.81 8.12
60 3 9.66 8.12
60 | avg. 9.82 8.12
20 1 4.65 3.37
20 2 4.63 3.37
20 3 4.49 3.37
20 | avg. 4,59 3.37

Measured fuel temperature rise is bigger compared to estimation as seen from Table XL
for all the experiments with 1-hexanol. Possible reason for this is occurrence of
combustion. From temperature changes, heat released during possible combustion can be

calculated.

Qcomp = Qf,meas - Qf,est (36)
where Qf meas heat absorbed to fuel based on measured

temperature change, [kJ],

Qr,est heat absorbed to fuel based on estimated

temperature change, [kJ].
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Qr measand Qrest are calculated as Qiin (24). In Qr,meas temperature change is measured fuel

temperature change, and in Qrest temperature change is estimated fuel temperature change.

Mass of fuel is known, as well as specific heat capacity of 1-hexanol.

Table XLI Calculated amount of heat released during combustion Qcomn, amount of heat
absorbed to fuel based on measured temperature rise Qfmeas and amount of

heat absorbed to fuel based on estimated temperature rise Qrest from
experimental data at different ultrasound amplitudes.

A, [%] Run | Qfmeas, [kJ] Qtest, [kJ] Qcomb, [kJ]
100 1 20.86 17.01 3.85
100 2 20.53 17.01 3.52
100 3 19.91 17.01 2.90
100 | avg. 20.43 17.01 3.42
60 1 13.62 11.08 2.54
60 2 13.39 11.08 2.31
60 3 13.17 11.08 2.09
60 | avg. 13.39 11.08 2.31
20 1 6.35 4.60 1.75
20 2 6.32 4.60 1.72
20 3 6.13 4.60 1.53
20 | avg. 6.27 4.60 1.67

Heat released during possible combustion for different experiments is shown in Table
XLI. When heat of combustion is known for 1-hexanol, amount of fuel combusted ncomn

can be calculated from

Qcom
Neomp = M ( 37 )
where AHcomb heat of combustion, [kJ/mol].

Heat of combustion for 1-hexanol is ~ 3 980 kJ/mol, depending on the type and quality
of 1-hexanol (NIST 2019). Heat of combustion value 3980 kJ/mol is used in the

calculations.

72



Table XLII Amount of 1-hexanol burned in different experiments.

A, [%] | Run | ncomb, [Mol]
100 1 0.00097
100 2 0.00088
100 3 0.00073
100 |avg.| 0.00086
60 1 0.00064
60 2 0.00058
60 3 0.00053
60 |avg.| 0.00058
20 1 0.00044
20 2 0.00043
20 3 0.00038
20 |avg. | 0.00042

Table XLIlI shows how much 1-hexanol is burned during experiments. Detailed
calculations are shown in Appendix XXIV. When amount of 1-hexanol combusted ncomb
is known, amount of oxygen consumed can be calculated, as well as amount of water and
COzformed. From Equation (9) amount of oxygen consumed is 9*ncomn, amount of water
produced is 6*ncomy and amount of CO2 produced is 7*ncomb iN 1-hexanol combustion.
Based on reactor size, restrictive amount of oxygen in the system is 0.0072 mol when
oxygen dissolution to 1-hexanol is also considered. Amount of restrictive oxygen was

calculated with calculation table shown in Appendix 1X.
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Table XLI1I Amount of substance consumed and produced during 1-hexanol combustion
with VG/VL ratio 1:1 at different ultrasound amplitudes.

A, [%] | Run | Consumed nog, [mol] | Produced nw20, [mol] | Produced ncoz, [mol]
100 1 0.00870 0.00580 0.00677
100 2 0.00796 0.00531 0.00619
100 3 0.00654 0.00436 0.00509
100 | avg. 0.00773 0.00516 0.00602
60 1 0.00574 0.00383 0.00447
60 2 0.00522 0.00348 0.00406
60 3 0.00475 0.00316 0.00369
60 avg. 0.00524 0.00349 0.00407
20 1 0.00395 0.00263 0.00307
20 2 0.00389 0.00259 0.00303
20 3 0.00346 0.00231 0.00269
20 avg. 0.00377 0.00251 0.00293

Table XLIII shows how much oxygen is consumed and how much water and CO; are
produced. Change in amount of substance in gas phase is assumed to only be caused by
production of water and CO-, since oxygen consumed in combustion is dissolved into

liquid. Theoretical pressure change in the reactor Apcomn can be calculated from ideal gas

law
An*R+T,
Apcomp = v = (38)
g
where 4n changed amount of substance in gas phase,

[mol].
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Table XLIV Theoretical pressure change caused by combustion of 1-hexanol at different
ultrasound amplitudes when oxygen consumed is dissolved.

A, [%] Run | 4 Pcomb, [kPa]
100 1 43.3
100 2 39.6
100 3 32.6
100 | avg. 38.5

60 1 28.3
60 2 25.8
60 3 23.4
60 | avg. 25.8
20 1 194
20 2 19.1
20 3 17.0
20 | avg. 18.5

Table XLIV shows theoretical pressure change caused by 1-hexanol combustion.
Detailed calculations are shown in Appendix XXV. As seen from the results, theoretical
pressure change is significantly higher compared to actual pressure change measured or
Apmolar Calculated. This indicates that part of the combustion gases is dissolved to 1-

hexanol and/or oxygen consumed is actually in the gas phase.

Table XLV Theoretical pressure change caused by combustion of 1-hexanol at different
ultrasound amplitudes when oxygen consumed is in air.

A [%] | Run | Apcomb, [KPa]
100 1 13.3
100 2 12.2
100 3 10.0
100 | avg. 11.8

60 1 8.7
60 2 7.9
60 3 7.2
60 |avg. 7.9
20 1 6.0
20 2 59
20 3 5.2
20 | avg. 5.7
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When calculated pressures in Table XLV are compared with calculated Apmolar Values
shown in Table XXXIX, it can be seen that those values are much closer each other than
calculated pressures in Table XLIV. From there, it seems possible that oxygen consumed

Is coming from the air.

In practice consumed oxygen was initially in gas and dissolved into the fuel. Amount of
oxygen consumed is bigger than the amount of oxygen in the system with VG/VL ratio
1:1 when amplitude setting was 100 %. With smaller amplitudes amount of oxygen is
enough for the combustion. Amount of oxygen not being enough can be an error itself, if
amount of oxygen dissolved is actually higher than the simulation says, the amount of
oxygen in the system may actually be enough. It is also possible that the amount of 1-
hexanol combusted is correct, and combustion does not occur completely, but part of the
combustion gases is CO instead of CO,. Estimated temperature rise contained several
assumptions, leading to the fact that it contains errors. That error does not need to be
great, since amount of oxygen required for the combustion is only a slightly higher than

the calculated amount of oxygen in the system.

12.5 Error sources

Inaccuracy during the experiments can be caused by different reasons. As with thermal
effect experiments and combustion experiments with ethanol, inaccuracy of the mass
causes small error. Small amount of 1-hexanol was left on the bottom of the beaker after
feeding it the reactor. Again, this error is normal, and around the same magnitude for all

the experiments.

Amplitude setting of the ultrasound had a variance of ~ +2 percentage point in every
experiment, as previously. Screen on the control unit showed actual ultrasound amplitude
setting as a bar besides the set value. Is was noticed that small variance occurred in the
actual value. This causes some error to the results compared to ideal case where the actual
amplitude is exactly the same as set value at all times. This error is not significant, since
the measured value varied at times both above and below the set value during the

experiments.

Measuring equipment always cause small error to measurements due their natural

inaccuracy. Accuracy of an equipment always contains measurement error. Pressure
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transmitter used in the experiments has an error of < 0.15 %, which can be said to be
negligible and to have no effect on the reliability of the results. Thermometers have an
accuracy of + 1 "C. Magnitude of the error is assumed to be roughly the same during the
whole measurement, which means that calculated temperature change between initial and
final temperature is assumed to be fairly accurate. With that assumption comparison
between estimated and actual temperature change can be done. Based on results gotten
this assumption is correct, since during sonication every temperature measured was
higher than the previous value, as it should be. If the magnitude of error would vary
significantly during sonication, temperature would occasionally decrease instead of
constantly rising; i.e. measured value would be lower than actual at some measuring

points and higher at some.

Possible impurities in the fuel can cause small errors in the measurements, since measured
results may differ from results that would have been gotten with the same substance with
impurities. In theory there should not be any impurities present, but some contamination
may have happened during weighting or feeding, e.g. some dust could have gotten to the

fuel from air.

Error in the measurements can also be caused by the user. It was noticed that with 1-
hexanol experimental run 3 with amplitude 100 % pressure change was notable lower
compared to the other two runs. After ending the experiment, it was noticed that one of
the attachments between fuel inlet and reactor was slightly loose, which is the probable
reason for pressure increase being smaller. Similar user caused errors may have occurred

in other experiments as well.

12.6 Conclusions

A certain amount of 1-hexanol was sonicated for 5 minutes. VG/VL ratio used was 1:1.
Amplitudes used were 20 %, 60 % and 100 % of the maximum 165 um. Gas and fuel
temperature and pressure difference between ambient and reactor were measured prior,

during and after sonication.

What is notable is that for all the experiments with 1-hexanol is that pressure and gas
temperature remained almost the same after ultrasound was turned off, when with ethanol

experiments the pressure and gas temperature decreased after sonication. This could
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indicate that with 1-hexanol combustion could be occurring. Gas temperature and
pressure decrease with ethanol could be explained with vapor pressure decrease after
sonication is stopped, which in practice means that amount of evaporated fuel starts to
reduce. With 1-hexanol these changes are not occurring with same pace, which indicates
that something else has happened. Combustion gases could be staying in the gas phase,
which would explain pressure and gas temperature decreases being significantly smaller

after sonication was stopped.

1-hexanol final temperatures were notably higher compared to the estimation. Estimation
is assumed to be precise, since with ethanol, actual final temperatures were within 0.4 °C
from the estimation. Heat released during combustion is likely reason for this. Amount of
burning fuel was calculated with enthalpy from temperature estimation and measures
temperature. Based on burning equation and ideal gas law, theoretical pressure increase
in the reactor was calculated. Theoretical pressure change was greater compared to the
measured, which can be explained with combustion gases dissolving into 1-hexanol.
Considering that possible combustion occurs in gas bubble inside the fuel, combustion
gas dissolution is plausible, even expected to happen. Dissolution could be confirmed by

analysing fuel before and after experiment.

Combustion theory with 1-hexanol is also supported by the fact, that measured pressure
rise in the reactor is much higher than temperature rise and vapor pressure increase would
indicate. This means that molar amount of gas has increased in the reactor for some other
reason than just evaporation. Only explanation for this phenomenon is combustion
occurrence in the reactor, since reactor is enclosed, and substance cannot have entered

the reactor in other ways.

However, 1-hexanol temperature is lower than its flash point. Initial assumption about
cavitation bubble collapse causing hot spot hot enough to ignite fuel seems to be correct.
If the hot spot is hot enough, the fuel itself does not need to be at flash point temperature,

since combustion can occur locally.

Reason for 1-hexanol to combust and ethanol to not is likely caused by differences in
their specific vapor pressures. 1-hexanol vapor pressure is significantly lower than vapor

pressure of ethanol, which causes the amount of fuel vapor in the gas being smaller. With
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smaller amount of vapor relative amount of oxygen is higher, which in practice means

that combustion could be occurring instead of it being suffocated.
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13 FUTURE EXPERIMENTS AND APPLICATIONS

Based on the experimental results it seems likely that liquid fuel can be combusted with
the aid of ultrasound. Now that the concept of ultrasonic combustion seems to plausible,
the next step would be to find alternative fuels that can be combusted with ultrasound.
UPM BioVerno Biodiesel discussed earlier could be one option, but also fuel oils could
be used. Besides testing pure fuels, fuel mixtures could also be tested.

Along with alternative fuel options, reaction time could be changed. In theory, pressure
change should nearly stabilize at some point, when combustion does not occur anymore
and only reason for pressure change would be evaporation and gas temperature rise. For
fuels with low vapor pressure this could be used for determining when combustion is not
occurring anymore. For fuels with high vapor pressure this is more difficult, since
pressure keeps changings notably even if combustion is not occurring anymore for

evaporation still being notable.

As mentioned, possible application for sonocatalysed combustion is slow diesel engines.
If ultrasonic horn or similar could be installed to the engine, composition of fuel used
could be different, energy required for ignition could be smaller etc. One possibility is to
put ultrasonic horn in the fuel inlet line just before the nozzle to increase mixing of the
fuel. Benefits of partially premixed combustion, higher efficiency and lower emissions,

could be achieved with this design.

Potential future applications can also be in somewhere else. Since this whole concept is
new and first strong signs of combustion were detected while doing this thesis, possible
future applications could be anything at this moment. Only further studies concerning this
subject will tell where the commercial applications can truly be. What can conclusively
be said is that more experiments should be done, since commercial potential is present
for this concept. After further experiments, more specific ideas on the potential

commercial applications can be found.
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Appendix | Ethanol vapor pressures

Table XLVI Ethanol vapor pressures at different temperatures (Dortmund Data Bank

2019a).

Tv [C] pvap,e, [kPa]
0.00 1.5932
4.09 2.1065
4.09 2.112
4.97 2.233
4.97 2.2425
5.00 2.2395
8.30 2.76
8.40 2.8
9.00 2.92
9.30 2.9464
9.70 3.04
9.99 3.108
9.99 3.129
10.00 3.14
10.20 3.133
10.60 | 3.2264
11.00| 3.2664
11.60 3.413
11.80| 3.5064
12.10 | 3.5464
12.40| 3.6264
12.90 3.693
13.20 3.813
13.60 3.88
13.90 3.986
14.10 4.013
14.80 4.2
14.96 4.276
14.96 4.302
15.20 4.306
15.90 4.493
15.90 4.52
16.30 4.586
16.50 4.666
16.70 4.786
17.10 4.84
17.20 4.853
17.50 4.96
17.90 5.08




18.30 5.186
18.60 5.333
18.70 5.32

19.10 5.466
19.30 5.546
19.50 5.613
19.90 5.76

20.00 5.786
20.00 5.865
20.05 5.86

20.05 5.864
20.05 5.882
20.20 5.893
20.50 5.96

20.60 6.026
21.10 6.173
21.10 6.199
21.50 6.319
21.60 6.359
21.80 6.426
22.10 6.533
22.30 6.599
22.30 6.653
22.40 6.533
22.50 6.733
22.70 6.773
22.80 6.866
22.90 6.879
23.10 6.946
23.20 7.026
23.40 7.066
23.50 7.146
24.97 7.883
24.97 7.889
25.00 7.869
30.01| 10.454
30.01 10.46
30.05| 10.479
3450 | 13.372
3499 | 13.736
35.00| 13.672
35.00| 13.703
35.00| 13.760
35.03| 13.777
35.03| 13.785




40.00| 17.877
40.02| 17.909
40.02| 17.916
41.70| 19.985
42.40| 20.225
4499 | 23.058
45.00| 23.033
45.03| 23.093
45.03| 23.119
46.02 | 24.247
46.02 | 24.257
47.90| 26.798
50.00 | 29.456
50.00 | 29.488
50.00 | 29.491
52.40| 33411
5499 | 37.302
55.00| 37.312
56.40 | 39.757
56.50 40.01

60.00 | 46.839
62.70 | 53.356
65.00 | 58.358
65.00 58.4

65.00 | 58.443
67.70 | 66.874
68.00| 67.154
70.00 | 72.273
72.00 80.18

75.00 | 88.858
75.40| 93.432
75.90 | 93.846
77.60 | 99.698
77.70 | 100.045
78.00 | 101.325
78.10 | 101.325
78.55| 102.22




Appendix Il 1-hexanol vapor pressures

Table XLVII 1-hexanol vapor pressure at different temperatures (Nasirzadeh et al. 2006).

Tv [C] Pvap,h, [kpa]
20 0.115
25 0.171
30 0.25
35 0.362
40 0.517
45 0.729
50 1.015
55 1.295
60 1.895
65 2.544
70 3.377
75 4.433
80 5.759
85 7.408
90 9.436
95 11.911

100 14.905
105 18.5

110 22.786
115 27.863
120 33.842
125 40.846
130 49.015
135 58.504
140 69.487
145 82.163




Appendix Il Ethanol saturation concentrations in air

Table XLVIII Gas phases theoretical mole fraction of ethanol at different temperatures
when air pressure is assumed to be fixed.

T, [C] | pa, [KPa] | pvap.e, [kPa] | x(eth), [%]

0.00 | 101.325| 1.5932 1.55
4.09 |101.325| 2.1065 2.04
4.09 | 101.325 2.112 2.04
4.97 | 101.325 2.233 2.16
497 | 101.325 | 2.2425 2.17
5.00 |101.325| 2.2395 2.16
8.30 | 101.325 2.76 2.65
8.40 | 101.325 2.8 2.69
9.00 |101.325 2.92 2.80
9.30 | 101.325 | 2.9464 2.83
9.70 | 101.325 3.04 2.91
9.99 |101.325 3.108 2.98
9.99 | 101.325 3.129 3.00
10.00 | 101.325 3.14 3.01
10.20 | 101.325 3.133 3.00

10.60 | 101.325 | 3.2264 3.09
11.00 | 101.325 | 3.2664 3.12
11.60 | 101.325 3.413 3.26
11.80 | 101.325 | 3.5064 3.34
12.10 | 101.325 | 3.5464 3.38
12.40| 101.325 | 3.6264 3.46

12.90 | 101.325 3.693 3.52
13.20 | 101.325 3.813 3.63
13.60 | 101.325 3.88 3.69
13.90 | 101.325 3.986 3.78
14.10 | 101.325 4.013 3.81
14.80 | 101.325 4.2 3.98
14.96 | 101.325 4.276 4.05
14.96 | 101.325 4.302 4.07
15.20 | 101.325 4.306 4.08
15.90 | 101.325 4.493 4.25
15.90 | 101.325 4.52 4.27
16.30 | 101.325 4.586 4.33
16.50 | 101.325 4.666 4.40
16.70 | 101.325 4.786 4.51
17.10 | 101.325 4.84 4.56

17.20 | 101.325 4.853 4.57




17.50 | 101.325 4.96 4.67
17.90 | 101.325 5.08 4.77
18.30 | 101.325 5.186 4.87
18.60 | 101.325 5.333 5.00
18.70 | 101.325 5.32 4.99
19.10 | 101.325 5.466 5.12
19.30 | 101.325 5.546 5.19
19.50 | 101.325 5.613 5.25
19.90 | 101.325 5.76 5.38
20.00 | 101.325 5.786 5.40
20.00 | 101.325 5.865 5.47
20.05 | 101.325 5.86 5.47
20.05| 101.325 5.864 5.47
20.05| 101.325 5.882 5.49
20.20 | 101.325 5.893 5.50
20.50 | 101.325 5.96 5.56
20.60 | 101.325 6.026 5.61
21.10 | 101.325 6.173 5.74
21.10| 101.325 6.199 S5.77
21.50 | 101.325 6.319 5.87
21.60 | 101.325 6.359 5.91
21.80 | 101.325 6.426 5.96
22.10| 101.325 6.533 6.06
22.30 | 101.325 6.599 6.11
22.30 | 101.325 6.653 6.16
22.40| 101.325 6.533 6.06
22.50 | 101.325 6.733 6.23
22.70 | 101.325 6.773 6.27
22.80| 101.325 6.866 6.35
22.90 | 101.325 6.879 6.36
23.10| 101.325 6.946 6.42
23.20 | 101.325 7.026 6.48
23.40 | 101.325 7.066 6.52
23.50 | 101.325 7.146 6.59
24.97 | 101.325 7.883 7.22
24.97 | 101.325 7.889 7.22
25.00 | 101.325 7.869 7.21
30.01|101.325| 10.454 9.35
30.01 | 101.325 10.46 9.36
30.05|101.325| 10.479 9.37
34.50 | 101.325| 13.372 11.66
34.99|101.325| 13.736 11.94




35.00 | 101.325 | 13.672 11.89
35.00 | 101.325| 13.703 11.91
35.00 | 101.325 13.76 11.96
35.03|101.325| 13.777 11.97
35.03|101.325| 13.785 11.98
40.00 | 101.325 | 17.877 15.00
40.02 | 101.325| 17.909 15.02
40.02 | 101.325| 17.916 15.03
41.70|101.325 | 19.985 16.47
42.40 | 101.325 | 20.225 16.64
4499 | 101.325| 23.058 18.54
45.00 | 101.325 | 23.033 18.52
45.03 | 101.325 | 23.093 18.56
45.03 | 101.325| 23.119 18.58
46.02 | 101.325 | 24.247 19.31
46.02 | 101.325 | 24.257 19.32
4790 | 101.325| 26.798 20.92
50.00 | 101.325 | 29.456 22.52
50.00 | 101.325 | 29.488 22.54
50.00 | 101.325 | 29.491 22.54
52.40]101.325| 33.411 24.80
54.99]101.325 | 37.302 26.91
55.00| 101.325 | 37.312 26.91
56.40 | 101.325 | 39.757 28.18
56.50 | 101.325 40.01 28.31
60.00 | 101.325 | 46.839 31.61
62.70 | 101.325 | 53.356 34.49
65.00 | 101.325 | 58.358 36.55
65.00 | 101.325 58.4 36.56
65.00 | 101.325 | 58.443 36.58
67.70| 101.325 | 66.874 39.76
68.00 | 101.325 | 67.154 39.86
70.00 | 101.325 | 72.273 41.63
72.00 | 101.325 80.18 44.18
75.00 | 101.325 | 88.858 46.72
75.40 | 101.325 | 93.432 47.97
75.90 | 101.325 | 93.846 48.08
77.60|101.325 | 99.698 49.60
77.70 | 101.325 | 100.045 49.68
78.00 | 101.325 | 101.325 50.00
78.10| 101.325 | 101.325 50.00
78.55|101.325 | 102.22 50.22




Appendix IV 1-hexanol saturation concentration in air

Table XLIX Gas phases mole fraction concentration of 1-hexanol at different
temperatures when air pressure is assumed to be fixed.

T, [C]

Pa, [kPa]

Pvep.n, [kPa]

x(hex),[%]

20.00

101.325

0.001134

0.113368

25.00

101.325

0.001685

0.16848

30.00

101.325

0.002461

0.246124

35.00

101.325

0.00356

0.355994

40.00

101.325

0.005076

0.507649

45.00

101.325

0.007143

0.714328

50.00

101.325

0.009918

0.991792

55.00

101.325

0.012619

1.261937

60.00

101.325

0.018359

1.835885

65.00

101.325

0.024492

2.449239

70.00

101.325

0.032253

3.225344

75.00

101.325

0.041916

4.191645

80.00

101.325

0.05378

5.378021

85.00

101.325

0.06813

6.813019

90.00

101.325

0.085192

8.519244

95.00

101.325

0.105187

10.51874

100.00

101.325

0.128237

12.82371

105.00

101.325

0.154392

15.43918

110.00

101.325

0.183594

18.35937

115.00

101.325

0.215678

21.56779

120.00

101.325

0.250372

25.03718

125.00

101.325

0.287302

28.73019

130.00

101.325

0.326028

32.60277

135.00

101.325

0.366041

36.60412

140.00

101.325

0.406804

40.6804

145.00

101.325

0.447784

44.77841




Appendix V ldeal gas law

Amount of air in the reactor based on ideal gas law

pV, = n4RT
where p pressure inside the reactor, [Pa]
Va volume of the air, [m?]
R ideal gas constant, 8.31451 (Pa*mq)/(mol*K)
T temperature, [K]
from where
P
@ RT’

Amount of oxygen inside the reactor is
Nop, = 0.21 x n,

since 21 % of the air is oxygen.



Appendix VI Calculation table for ethanol with no dissolved gases

Table L Ethanol calculations with no dissolved gases.
Initial Cair 100 |vol-%
Initial Co2 21  |vol-%
Initial Ccoz2 | 0.035 |vol-%
Initial Ch20 0 vol-%
d 16.4 cm
h 6.8 cm
Ve 1436.4 | cm®
Vp 52 | cm®
Viot 1441.6 | cm?®
VG/VL 4 - 1,2,3,4,9
Vg 1153.3 | cm®
Vi 288.3 | cm®
T 20 °C = fixed
P1 101.325| kPa before fuel evaporation
Initial na [ 0.04794| mol pV = nRT
Initial no2,g |0.01007 | mol pV = nRT
Initial ncoz,g | 0.00002 | mol pV = nRT
Initial nH204| 0.0000 | mol assumption
Pvap.e 5.85 kPa (Altia 2019)
P1+Pvape |107.175| kPa = air pressure + saturated vapor pressure
Me 46.08 | g/mol (Karkela & Yli-Kokko 2013)
pe 0.811 |g/cm® (Altia 2019)
Ne 5.075 | mol n=m/M = (Vp)/M
Xe 0.066 % from Equation (21)
Ne,evap 0.00277 | mol pV = nRT
Initial ng | 0.05071| mol = Initial na + Initial ng
Final no2,g |0.00000| mol from Equation (8)
Final ncoz,g |0.00675| mol from Equation (8) + initial ncozg
Final nH20,4 |0.01007 | mol from Equation (8)
Final ng [0.05832| mol |= Initial ng — initial noz,g+ final Nncoz,g + Final Nizog- Initial Ncozg
P2 121.361| kPa pV = nRT
Ap 14.186 kPa = P2— (pl + pvap,e)
Final Ccoz2 | 11.72 |vol-% = Final ncoz,¢/ Final ng




Appendix VII Calculation table for 1-hexanol with no dissolved gases

Table LI 1-hexanol calculations with no dissolved gases.
Initial Cair 100 |vol-%
Initial Coz 21  |vol-%
Initial Ccoz | 0.035 |vol-%
Initial Cr20 0 vol-%
d 16.4 cm
h 6.8 cm
Ve 1436.4 | cm®
Vp 52 | cm®
Viot 1441.6 | cm®
VG/VL 4 - 1,2,3,4,9
Vg 1153.3 | cm®
\ 288.3 | cm?®
T 20 °C = fixed
p1 101.325| kPa before fuel evaporation
Initial na | 0.04794 | mol pV = nRT
Initial no2,g |0.01007 | mol pV = nRT
Initial ncoz,g | 0.00002 | mol pV = nRT
Initial nH20,4| 0.0000 | mol assumption
Pvap,h 0.1 kPa (Merck 2018)
P1+Pvaph | 102.325| kPa = air pressure + saturated vapor pressure
Mh 102.16 | g/mol (Karkela & Yli-Kokko 2013)
ph 0.820 |g/cm?® (Merck 2018)
Nh 2.31 | mol n=m/M = (Vp)/M
Xh 0.048 % from Equation (22)
Nh.evap 0.00005| mol pV = nRT
Initial ng |0.04799| mol = Initial na + Initial ng
Final no2,g {0.00000| mol from Equation (9)
Final ncoz,g |0.00675| mol from Equation (9) + initial ncozg
Final nh2o,4 [0.00783 | mol from Equation (9)
Final ng ]0.05246 | mol | = Initial ng — initial no2g + final ncoz,g + Final Npaoq - Initial Neozg
p2 110.882| kPa pV = nRT
Ap 9.457 kPa = p2— (P1 + Pvap.e)
Final Cco2 | 12.83 |vol-% = Final ncoz,¢/ Final ng




Appendix VIl Calculation table for ethanol with dissolved oxygen

Table LIl Ethanol calculations with dissolved oxygen.
Initial Cair 100 |vol-%
Initial Coz 21 | vol-%
Initial Cco2 | 0.035 |vol-%
Initial Cr20 0 vol-%
d 16.4 cm
h 6.8 cm
Vr 1436.4 | cm?®
Vp 52 | cm?
Viot 1441.6 | cm?®
VG/VL 4 - 1,2,3,4,9
Vg 1153.3 | cm®
Vi 288.3 | cm®
T 20 °C = fixed
P1 101.325| kPa before fuel evaporation
Initial na | 0.04794 | mol pV = nRT
Initial no2g |0.01007 | mol pV =nRT
Initial ncoz,g | 0.00002| mol pV = nRT
Initial nH20,4| 0.0000 | mol assumption
Initial no2,¢ |0.00054 | mol from Equation (23)
Initial no2 [0.01061| mol = Initial no2,g + Initial No2,4
Pvap,e 5.85 kPa (Altia 2019)
P1+Pvape |107.175| kPa = air pressure + saturated vapor pressure
Me 46.08 | g/mol (Karkela & Yli-Kokko 2013)
Pe 0.811 |g/cm?® (Altia 2019)
Ne 5.075 | mol n=m/M = (Vp)/M
Xe 0.070 % from Equation (21)
Ne,evap 0.00277 | mol pV =nRT
Initial ng | 0.05071| mol = Initial na + Initial ng
Final no2g {0.00000| mol from Equation (8)
Final nco2g |0.00709 | mol from Equation (8) + initial ncozg
Final nH20,4 |0.01067 | mol from Equation (8)
Final ng ]0.05832| mol | = Initial ng — initial no2g + final Ncoz,g + Final Npaoq - Initial Ncozg
p2 123.260| kPa pV =nRT
Ap 16.085 | kPa = p2— (P1 + Pvape)
Final Cco> | 12.15 |vol-% = Final ncoz,g/ Final ng




Appendix IX Calculation table for 1-hexanol with dissolved oxygen

Table LIl 1-hexanol calculations with dissolved oxygen
Initial Cair 100 |vol-%
Initial Coz 21  |vol-%
Initial Ccoz2 | 0.035 |vol-%
Initial Ch20 0 vol-%
d 16.4 cm
h 6.8 cm
Ve 1436.4 | cm®
Vp 52 | cm®
Viot 1441.6 | cm®
VG/VL 4 - 1,2,3,4,9
Vg 1153.3 | cm®
Vi 288.3 | cm?®
T 20 °C = fixed
p1 101.325| kPa before fuel evaporation
Initial na | 0.04794 | mol pV =nRT
Initial no2,g |0.01007 | mol pV =nRT
Initial ncoz,g | 0.00002| mol pV =nRT
Initial NH20,4 | 0.00000| mol assumption
Initial no2,¢ | 0.00036 | mol from Equation (23)
Initial no2 [0.01042| mol = Initial no2,g + Initial no2,
Pvap.h 0.1 kPa (Merck 2018)
P1+Pvaph | 102.425| kPa = air pressure + saturated vapor pressure
Mh 102.16 | g/mol (Karkela & Yli-Kokko 2013)
ph 0.820 |g/cm® (Merck 2018)
Nh 2.31 | mol n=m/M = (Vp)/M
Xh 0.050 % from Equation (22)
Nh.evap 0.00005| mol pV = nRT
Initial ng 10.04799| mol = Initial na + Initial ng
Final no2,g {0.00000| mol from Equation (9)
Final nco2g4 |0.00697 | mol from Equation (9) + initial ncozg
Final nh2og [0.00811 | mol from Equation (9)
Final ng | 005298 | mol | = Initial ng — initial no2 g + final ncoz,g + Final Npaoq - Initial Neozg
p2 111.970| kPa pV = nRT
Ap 10.545 | kPa = p2— (P1 + Pvape)
Final Cco2 | 13.15 |vol-% = Final ncoz¢/ Final ng




Appendix X Heat absorbance to water during thermal effect experiments

Amount of heat absorbed to water during sonication can be calculated from

Q= ¢y *my = AT, (20)

Example calculation for experiment with amplitude 100 %
¢ = 4.19 kJ/(kg*K)

m; =599.92 g or 0.59992 g

ATig=8.74°Cor8.74 K

= 4.19 K

%« 0.59992 kg * 8.74 K = 21.97 kJ



Appendix XI Mass of air and amount of heat absorbed to gas during thermal effect
experiments

Amount of heat absorbed to gas during sonication can be calculated from

Qg = cg *my x AT, (20)

Mass of gas is calculated from

Volume of gas is

Volume of liquid is

V= my/p

Amount of heat absorbed to gas during sonication is now

Qg:Cg*(K‘_rZ_ll)*pg*ATg (20)

Example calculations for thermal effect experiment with amplitude 100 %
cg= 0.72 kJ/(kg*K)
= 1.4416 dm?® or 0.0014416 m®
m; =599.92 g or 0.59992 kg
pg = 1.293 kg/m?3 (Kervinen et al. 2013)
ATg=3.18 "Cor 3.18 K

kj
kg *
= 0.0025 kJ

Q, = 0.72

0.59992 kg) kg

0.0014416 m3 — —————) ¥ 1.293— % 3.18 K
K ( m 998 kg/m3 i m3



Appendix XI1 Pressure inside the reactor prior and after sonication

Initial pressure is calculated

P1 = Pamp + P(diff)
Example calculations for thermal effect experiment with amplitude 100 %
pamb =101.4 kPa
p(diff); = -1.0 kPa

p, = 101.4 kPa + (—1.0) kPa = 100.4 kPa

Final pressure is calculated

P2 = Pamp + P(diff),
Example calculations for thermal effect experiment with amplitude 100 %
pamb =101.4 kPa

p(diff). = 3.1 kPa

p, = 101.4 kPa + 3.1 kPa = 104.5 kPa

(28)

(28)

(29)

(29)



Appendix XIII Pressure change caused by temperature rise in the reactor

Pressure change caused by temperature rise in the reactor can be calculated by applying

Gay-Lussac’s law.

Aptemp = Datemp — P1 = p;:ﬁz — P (30)
Example calculations for thermal effect experiment with amplitude 100 %
p1=100.4 kPa
Tg2 =23.42°C or 296.57 K
Tg1=20.24 °C or 293.39 K

100.4 kPax296.57 K
Aptemp = — "= —100.4 kPa = 1.1 kPa (30)




Appendix XIV Pressure change caused by increase in amount of gas

Pressure change inside the reactor caused by increase of gas moles can be calculated from

APmotar = Ap — Aptemp (31)

Example calculations for thermal effect experiment with amplitude 100 %

Ap = 4.1 kPa
Aptemp =1.1 kPa

APmotar = 4.1 kPa — 1.1 kPa = 3.0 kPa (31)



Appendix XV Amount of evaporated water

Amount of evaporated water can be calculated from

__ APmolarVy
nWateT,eUap - Rng .

Volume of gas is

Volume of liquid is

—m
V==t
Now Equation (32) is

m
Apmolar(vr_p_l)
Nyater,evap = RTgz

Example calculations for thermal effect experiment with amplitude 100 %

Apmolar = 3.0 kPa or 3 000 kPa

= 1.4416 dm?® or 0.0014416 m®
m; =599.92 g or 0.59992 kg
pg = 1.293 kg/m3 (Kervinen et al. 2013)
Tg2 =23.42°Cor 296.57 K

3_ 0.59992 kg

kg
1.293—%
3

3000 Pa*(0.0014416 m
= 0.00103 mol

Nyater,evap = P

8.31451 — 1

3
K %x296.57 K

ax*
mol

(32)

(32.1)

(32.2)

(32.3)

(32.3)



Same as mass

mwater,evap = nwater,evap * water (33)

Muwater = 18.016 g/mol or 0.018016 kg/mol (Karkela & Yli-Kokko 2013)

Mepap = 0.00103 mol * 0.018016% = 0.000018 kg. (33)



Appendix XVI Amount of heat gone to water evaporation

Amount of heat gone for water evaporation can be calculated

Qevap =T * Meygp- (25)

Example calculations for thermal effect experiment with amplitude 100 %

r=2440 k) kg

mevap =0.000018 kg

Qevap = 2440:—; * 0.000018 kg = 0.04513 kJ. (25)



Appendix XVII Mass of the reactor

Mass of the reactor is calculated through reactor volume. Reactor consist of wall,
bottom, lid and support ring under lid.

Wall:

Wall volume is

Vwall =2 %1% Treactor * hreactor * Lreactor- ( 24.1 )

Radius r is half of the diameter. In this case, average of the inner and outer diameter is
used. Inner diameter is 16.4 cm and outer diameter 16.8 cm.

dint dout) (0.164 m+0.168 m
2 —

Treactor = ) = ; ) = 0.083 m. (24.2)

Volume of the reactor wall when wall height is 6.8 cm and thickness 0.2 cm

Viwau = 2 * 1 % 0.083 m * 0.068 m * 0.002m = 0.00007 m3.  (24.1)

Reactor bottom is round shaped, so its volume is calculated

dou
Vhottom = T * (Tt)z * Lpottom- ( 24.3 )

Diameter of the bottom is 16.8 cm and thickness 0.5 cm. VVolume of the bottom is

2 2
Viottom = 1% (%) % Lyopeom = 1 (22 m) % 0.005 m = 0.00011 m?. (24.3)

Lid is round shape; its diameter is 7.2 cm bigger than outer diameter of reactor making
the lid diameter 24.0 cm. Thickness of the lid is 0.6 cm.

.\ 2 2
Vig = % (42)" + Lygg = m+ (222 m)" 5 0.006 m = 0.00015 m®. (24.4)

Lid has a support ring under it. Lid is round and same size as the lid but it has a round
piece, diameter 16.4 cm, missing inside of it. Ring thickness is 0.6 cm

Lid support ring volume is



din\° 0.164 \?
Viing = Viig — 1 * (T) * Rping = 0.00015m3 — m* ( m) * 0.006 m
— 0.000145 m®. (245)

Horn support ring

Vhornsupport =2 %I * rhornsupport * hhornsupport * Lhornsupport- ( 24.6 )

Support ring has outer diameter of 4.0 cm, its wall thickness is 0.2 cm and wall height
2.5 cm.

Radius r is half of the diameter. In this case, average of the inner and outer diameter is
used. Inner diameter is 3.6 cm and outer diameter 4.0 cm.

(din.supp+ douf'supp) (0.036 m+ 0.040 m
2

Thornsupport = > = ; ) = 0.038 m. (24.7)

Volume of the horn support ring is

Viornsupport = 2 * 11 % 0.038 m * 0.0025 m * 0.002 m = 0.00000006 m3. (24.6)

Total volume of the reactor is

Vreactorparts = Vwall + Vbottom + Vlid + Vring + Vhornsupport

= 0.00007 m3 + 0.00011 m3 + 0.00015 m3 + 0.000145 m3
+ 0.00000006 m?

= 0.00060 m?. (24.7)

Reactor is made of stainless steel. Density is 7 900 kg/m?

From volume and density, mass of the reactor can be calculated

My = Pgs * Vreactorparts = 7900% % 0.00060 m3 = 4.724 kg. (24.8)



Appendix XVl Heat absorbance to reactor structure during thermal effect experiments

Amount of heat absorbed to reactor structure can be calculated

Qr = ¢ *m,. * AT, (24)

Assumption is that temperature change of reactor structure is average from ambient and

final temperature of water

AT, = le—zﬂ (24.9)
Now Equation (24) is

Qr = Cp x . x 2—Emd, (24.10)

Example calculations for thermal effect experiment with amplitude 100 %
cr = 0.500 kJ/(kgK)

my = 4.724 kg

T12=29.12°C or 302.27 K

Tamb = 20.00 °C or 293.15 K

302.27 K—-293.15K

0, = 05—, %4724 kg + ( -

kg*K

) =9.71k/ (24.10)



Appendix XIX Total heat absorbance

Total amount of heat absorbed is

Qtor = Q1 + Qevap + Qg + Q. (26)

Example calculations for thermal effect experiment with amplitude 100 %
Qi =21.97 kJ

Qevap = 0.05 kJ

Qy =0.00 kJ

Qr=9.71kJ

Qtor = 21.97 k] + 0.05kJ +0.00 k] +9.71 k] = 31.73 kJ. (26)



Appendix XX Heating power of ultrasonic horn

Heating power of the horn can be calculated

p = ot (27)

ts

Example calculations for thermal effect experiment with amplitude 100 %
Qtot =31.73 kJ
ts=300s

_ 31.73k]
T 300s

= 0.10577 kW. (27)



Appendix XXI Temperature rise estimation

Total amount of heat absorbed during combustion experiments is
Qtor = Qf + Q. (34)
Qrot = My * ¢p x ATy + ¢ * My * AT,

=mf*cf*(Tzf—Tlf)+mr*cr*(T2f_2M. (35)
From there, final temperature of fuel is
Ty = 2xeprmp e Tamy +2*Qugr. (35.1)

2*cf*mf+cr*mr

Example calculation for experiment with ethanol with VG/VL ratio 1:1 and amplitude
100 %.

cr = 2.46 k/(kgK)

ms = 0.585 kg

Trr =20.00 °C or 293.15 K
cr = 0.500 kJ/(kgK)

my = 4.724 kg

Tamb = 20.00 °C or 293.15 K
Qtot = 31.73 kJ

2 %246 «0.585 kg 29315 K + 05« 4724 kg« 293.15 K + 2+ 31.73 kJ

T = kgK kgK
i 242462 40585kg+05-L 4724k
A6 g * 0. g+05p g4 g

=305.26 K = 32.11°C. (35.1)



Example calculation for experiment with 1-hexanol with VG/VL ratio 1:1 and amplitude

100 %.

cr = 2.31 kJ/(kgK)

ms = 0.591 kg

Trr =20.00 "C or 293.15 K
cr = 0.500 kJ/(kgK)

my = 4.724 kg

Tamb = 20.00 °C or 293.15 K
Qtot =31.73 kJ

2x2.31 LI, 0.591 kg * 293.15 K + O'SIQI;_]K *4.724 kg » 293.15 K+ 2+ 31.73 kJ

T = kgK
v 24231240591 kg + 05 4724k
777 G gTUorgrg ™ ™ g

=305.61 K = 32.46 °C. (35.1)



Appendix XXII Actual heat absorbance to 1-hexanol

Actual heat absorbance to 1-hexanol can be calculated from

Qmeas = Cr *xMyg * ATf ( 24)

Example calculation for experiment run 1 with 1-hexanol with VG/VL ratio 1:1 and
amplitude 100 %.

cr = 2.31 kJ/(kgK)

ms = 0.59101 kg

ATs=15.28 "Cor 15.28 K

Qf meas = 0.59101 kg * 2.31% «15.28 K = 20.86 kJ. (24)



Appendix XXIIl Heat of combustion

Heat released during 1-hexanol combustion is

Qcomp = Qf,meas - Qf,est- (36)
Qr meas IS calculated based on measurements, and Qx.est IS calculated from estimation
Qfest = My * ¢p * AT oy (24)
Example calculations for 1-hexanol with VG/VL ratio 1:1 and amplitude 100 %
cr = 2.31 kJ/(kgK)

ms = 0.59101 kg
ATtest =12.46 °C or 12.46 K

Qfese = 0.59101 kg 2.31];—’K «12.46 K = 17.01 kJ. (24)

Now heat of combustion is (Qfmeas = 20.86 kJ)

Qcomb = Qfmeas — Qfest = 20.86 k] —17.01 kJ = 3.85 kJ. (36)



Appendix XXIV Amount of 1-hexanol combusted

Amount of 1-hexanol burned during combustion experiment is

Qcomb
n = =0 37
comb AH comb ( )

Example calculations for 1-hexanol run 1 with VG/VL ratio 1:1 and amplitude 100 %
Qcomb =20.86 kJ
AH comp = 3 980 kJ/mol (NIST 2019)

3.85 kJ

Neomb = 3507 mar = 0-00097 mol. (37)



Appendix XXV Pressure increase caused by combustion

Pressure change caused by combustion can be calculated

AnxRxT, (ncoz+Nng20) *R*T,
_ g2 __ Cco2 H20 g2
Apcomb - v - v . ( 38 )
) g

This applies if oxygen consumed is dissolved into fuel, i.e. 4n only consist of produced

water and CO:».

Example calculations for 1-hexanol run 1 with VG/VL ratio 1:1 and amplitude 100 %
Nco2 =0.00580 mol

NH20 = 0.00677 mol

R = 8.31451 ((Pa*m?3)/(mol*K) (Karkela & Yli-Kokko 2013)

Tge=25.17°Cor 298.32 K

Vg =0.0007208 m®

Pa * m3

(0.00580 mol + 0.00677 mol) * 8.31451
A -
Pcomb 0.0007208 m?3

= 43247.9 Pa = 43.25 kPa. (38)




Pressure change caused by combustion can be calculated

An*R+Tgy (ncoz+NnH20—M02)*R*Tg;

APcomp = Vg Vg ( 38 )

This applies if oxygen consumed is in the air i.e. 4n consist of consumed oxygen and

produced water and CO:..

Example calculations for 1-hexanol run 1 with VG/VL ratio 1:1 and amplitude 100 %
Nco2 = 0.00580 mol

NH20 = 0.00677 mol

noz2 = 0.00870

R = 8.31451 ((Pa*mq)/(mol*K) (Karkela & Yli-Kokko 2013)

Tge=25.17°Cor 298.32 K

Vg =0.0007208 m?

3
Pax m” 59832k

(0.00580 mol + 0.00677 mol — 0.00870 mol) * 8.31451 ———
mol x K

APcomp = 0.0007208 m3
— 13307.0 Pa = 13.31 kPa (38)




