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Executive Summary

The goal of this research project was to design, build, andregpparatus to produce a
stream of liquid using electrospray and flow focusing techniques. Timebereaof the final
design, known as the jet source encloshael to be aiight and electrically isolated from the
tube which supplied the fluid. The diagsticsneeded to characteritiee liquid inside and
outside of the jet source enclosure were studied.

The jet source enclosuveas designed to meet specific design criteria. Because the jet
source enclosure had to befficiently air-tight to support pressure of approximately two
atmosphereghe final design included an aluminum frame with plexiglass pressed on the top and
bottom by an aluminum lid. The plexiglass allowéslalization othe jet stream inside the jet
source enclosure. There was aietight feedthrough on each side of the jet source enclosure:
one sideprovidedthe compressed air while the pressure transduasrinstalled on the other
side The back of the jet source enclosure had atight feedthrough for the capillary so tha
the fluid could still flow without leaking air. A disk with a 1/64 inch hole drilled through the
center was screwed inside the front wall of the jet source enclosure to create a small exit orifice.
Theinterchangeabldisks were designed such that jeiesource enclosure coute used to
perform tests with different exit orifice diagers The outside of the front wall was machined in
such a way that the team could see the stream immediately after it exits the jet source enclosure.
The team alsdesigned legs for the jet source enclosure to attach it to a workbench.

Most of the machining for fabrication of the jet source enclosure was done by an outside
source. The team purchased all the aluminum and paid for all of the initial machiningedf the
sourceenclosure. Some fihadjustmentsvere needed in order to successfully put the jet source

enclosure together. The team was supplied with the plexiglass and a capillary. Bulkhead unions,



o-rings, a nandight kit (for an airtight seal and eldrical isolation between the capillary and the
jet source enclosure), screws, and a camera were all purchased by the team.

There were other supplies outside of the jet source enclosure that were needed to
complete the experiment. A mass fldelivery system waslready available for the project
However, the system had to be calibrated so that the teamgem#dater specific mass flow
rate on the order of micrograms per second. mhss flow delivery systemcludes ahelium
pressurized reservoilA pressure transducer was supplied to read the gauge pressure inside of
the jet source enclosure. To create a pressdienvironment, compressed air was fed into the
jet source enclosure from the side and exits through the orifice.

After all of the machning was finished and the supplies were purchased, the team put the
jet source enclosure together and tested the completg séithe team was able to take pictures
of the jet stream inside and outside of the jet source enclosure using the flow faeakimgue.

Due totime constraintsthe team was not able to test the system with the electrospray technique.



Table of Contents

EXECULIVE SUMMIALY. .. ... it ittt iiiie ittt ieemrat et e et e e e e e e e e e s s ammms e s e s s s abb s b e s e e e e s smmmr e e eeeaeeaeeeeeesannans IL.
TaDIE Of CONTENES.....ciiiiiiiii e rer et e e e e s st s emme e s et e e e e e e e e nnneeeean \Y
TaDIE Of FIQUIES ... et ettt et e ettt e e s e e e e e 1
B2 ][0 =V o[ S 1
Chapter L: INTrOTUCTION. .......eiiiiiiie e emmmt ettt ettt e st e e s et e se e e e enbeee e 2
Chapter 2: BaCKgrOUNG...........uuuiiiiiiiiiis i eees bbb e e e e eaeaeeesammme e e e e e e s e s e ennnned 4
N R = Tor 1 {01 o] = Y TP PPEPPPPRRR 4.
2.1.1 HOW EleCtrospray WOrKS........ccooiiiiiiiiieemiiie et e e emmme e e e e s e s 5
2.12 USES TOF ElECIIOSPIAY....ceeiiviieiiiiiieeitieee ettt rmenee et emmme s 8

2.2 FIOW FOCUSING ..ottt ettt et e e e e e e e e e e e e s s s immm bbb s s e e e e e e e e e e e s st e e e e e eeeeeneannnnnn 13
2.3 PreVIOUS WOTK ...ttt emmm ettt e e e rmmma e e e e e e nnn e e e as 16
2.4 Theoretical Jet Diameter and Droplet SIZe..............ooviiiiieeeriee e eeeeee e 18
(@4 aF=T o] (=T gC B Y/ 1=1 { T 0] (o o 1Y 2P RRP 21
3.1 Initial Design of Jet SOUrce ENCIOSUIE..........ooiii ittt 23
3.2 Final Design of Jet SOUIrce ENCIOSLEE.......uuviiiiiiiieii e 25
Nt N [0 [ S PSP PP POPPPPPP: 26
A = T (o TSP PP R POPPPPRP: 27

K J R B o (0] o | AP PP PPPPPPPPPPPPPRN 28
3.2.4 TOP QN BOMOMI....coiiiiiiiiiiiie et eee et rmeme ettt e e emmma e e 29
3.2.5 PIEXIGIAS. ....eie it ettt et 30
0 I o SO PPP R UPPPPRR 30
T A © L1 Tod ST G- o P PPEPUPRPRRR 31
3.2.8 FEEL COMECION... ...ttt eeee et e e e e e e e e s e e e e e e e e e e e e e e e smmme e e e e e e ennes 32
I T RS 32

3.3 INPULS aNd AACNMENLS. ... ..eiiiiiiiii et smmmae e 33
3.3.1 PreSSUIE INPULS.......uuiiiiiiiiieiiiiesemer e e e e s e e e e e e e e e e e e s smmme e e 33
3.3.2 Capillary INPUL.......eeeiiiiiiiiiei e e e reer e e e e e e e e aaaeeeessmmme e e e e e e eannns 34
R TR T @ 1 T 1 PP PUPPRRRR 35

G IR A O 10 1 1= = OO PPPPPRPPPP 36
3.3.5 Experimental LiQUid.........cccuuiuiiiiiiiiiieeneecceee e eems e 37
3.3.6 FaDIICAtiON PrOCESS........uiiiiiiiiiiiiii ettt smmmen e 38

3.4 TheoretiCal ANAIYSIS......ccccuiiiiiiiiiiitiernr et e e e e e e e e e e e s e s imnms bbb ae e e e e e e e s smmr e e eaeeeeeas 38
. L PrESSULE. ... ittt ettt et e e e oo oo oot e e b mema bbbt e ettt e et e e e e e e e e e e e amme e e e e e e nnnnnnarneeees 38
3.4.2 Liquid FIOWDEIIVEIY SYSIEIML......uiiiiieiiiiiieiie e emmmiieee et rmnmree e e ennaeeee s 39

G GV o] = U = PP PPPPOPPRRRP 41
3.4.4 Capillary OrifiCe DiStANCE.........uuuiriiiiiiiiiiiieenee et e e e neess b reareeaaaaeees 41

3.5 QUANTItALIVE ANAIYSIS.....ciii it eeer e e e e e e s emmme e e e emn— e e aaa s 42
3.5.1 Measuring Jet Diameter and Droplet Size.......ccccoceeeiiiiicccicciccciiieev e 42
3.5.2 VEIOCIY.....eeiee ettt ettt ettt 43
Chapter 4: Results and CONCIUSIONS ... ....coiiiiiiiiiieene ettt rmmmae et e e e saeeea 44
4.1 MASS FIOW RALE......ccieiiiiiiiie e eeeeeee et e e st meme e e e e e et e e e e e e snsse s emmme e e e e nnnnneeeeeeens 44
4.1.1 Calibrating the SYSteM.........cooiiii e 44
4.1.2 Discussion of Flow Calibration RESUILS............cooiiiiiiiiocc e 48

4.2 Testing the Jet Source ENCIOSUIE..........cccciiiiiiieeciiiiieeeeeeee e v seienenn 49



4.2.1 Removing the PEEK TubBING........cc.ooiiiiiieee e 50

A B 111U -1 o] o T 55

A 3 FULTUIE WWOKIK .. .ieeieeiiie ettt et e e ettt e e e e e e s mmme e s eeaba e e e e s e sbab s e s smmmran e eeesssaannaeesnenes 57

(R LE] (=] =] o= P 59
Y o] 0 1= 3 o | PP RPN 62



Table of Figures

Figure 1: A gepral diagram of an EIECIrOSPray.........c.cccveiviieieccmnieee e 4
Figure 2: An example of an eleCtroSPray..........cccccuvrviriiieemieeeiiiieeeeeeeee e eeesssmmmsssssssssssnsseeeees oo
Figure 3: Depiction representing droplet fiSSION.........ccccuuiiiiiiiicemiiieceree e cmmme 8
Figure 4: Diagram of a typical mass SPEeCtrOMELer.........cccccuvriiiiiiicemieieeeeeee e ssmmme e 9
Figure 5: An example of @ COllOId thIUSTEL...c.....ooiiiiiii e 12
Figure 6: Ethanol electrospray phenomenology at elevated temperatures..............ccceeeee 13
Figure7: An example Of flIOW fOCUSING........uviiiiiiiiiiii e e 14
Figure 8: Three déces used in the GaRdDalvo StudY............cceeeeeiiiiiiiiecce e 17
Figure 9: EXPerimental SEUUD..........uuiiiii it ettt e e e e e e e s e e 21
FIgure 10: INItIal D@SIGNL....ccciiiiiiiiie et ieee ettt e e st e e e e e s e e e e s smmmnsbeeeeeeeaans 23
Figurella: Assembled FiNal DESIGL... ... i i eemr s e e e e e e e e e e e e e 25
Figure 12: Side of the INNEI DOX ....uiiiiiiiiiiiii e 26
Figure 13: Back of the iNNer DOX............ooo e 27
Figure 14: Front and rear of iNNer DOX .........oooiuiiiiiii e 28
Figure 15: Top and bottom Of INNEI DOX......ceviiiiiiiiiiii e 29
Figure 16: TOP lid Of SITUCIULE.......eiiiei it ece e rmenr e et e e e e s memreeeees 30
Figure 17: Removable OrifiCe Cap.......uuuiiiiiiiii ettt e 31
Figure 18: A Feet connector, Breet Connected to bottom...........uuvvveiiiiiiiiccce e, 32
FIQUre 19: Feet Of SIIUCTUIE.........uuiiiiiiiiiiiiis i renr e e e e e e e e e e e e s smmme e e e e e e 32
Figure 20: Swagelok Bulkhead UniQn............cocueiiiiiieecii e 33
Figure 21: Nandight kit from Upchuch ScientifiC..............ccooiiiiiicc e 34
Figure 22: The 440 Bulkhead Union with the washer welded to the nut................ccceoee 35
Figure 23: Califone USB Digital MiCIOSCOPE.........cccoiiiiiiiiiiimmmeiiiireeeee e e e e e e e e e s emmme e e e e 36
Figure 24: Schematic ofie mass flow rate system uSed...........occvveiiiiicniiiiiie e 40
Figure 25ad: Four different experiments to measure dad mass as a function of time...47
Figure 26:A plot of the mass flow rate versus voltageass the pressure transducer.........48
Figure 27: Picture of the stream at 10psi and apprabely 2.0mMmM..........ccccceeiviieeeiiieeeee e 51
Figure 28: Picture of the streaah4.0psi,1.5mm,and300mMg/s..........oooeiiiiiiiiiiicemereieeeeenn. 53
Figure 29: Picture of the streamFigure 27exiting the jet source enclosurte....................... 53
Figure 30: Picture of the streaah6.0psi, Zmm,and 343MQ/S......ccccceriiiiiieiees i 54
Figure 31: Picture fathe stream at 6.0p$0,8mm and 343mMg/S......ccccceevviiiiiieeiimmriiieeeee e 55
Figure 32: Picture ahestreamat 2.5psi, 2.5mm, and 343mMg/S..........ccoovviiiiivimemierrnnnnnnnen 55
Table of Tables

Table 1:Properties of Pure Water and Conhugltipurpose Solution at 20°C.........c.c....c...... 37
Table 2: Attempts to obtain a steady stream before removing the PEEK restriction tubiag
Table 3: MQP vs. GafaBalvo (1997) reSUltS.........uueiiiiiiiiiiiiicee e 56



Chapter 1: In troduction

Production of aFluid Microjet Using Electrospray and Flow Focusimapvised by Professor
Blandino, is a Major Qualifying Project whose purpose is to design, build, and test an apparatus
which produces a stream of fluid using electrospray &owd focusing techniquesThis study

also investigates the diagnostics of the stream as a function of different geometrical and fluid
parameters.

There are many constraints which went into creating the design for the apparatus. The
apparatusieeded tdeair-tight to withstandpressures afip totwo atmospheres. The apparatus
also required feedthroughs for compressed gas and a capillary (the tube which the fluid travels
through) each with a pressttight seal. A pressure transduderd tobe connected in order to
accurately control the pressure inside the apparatus. hadrebe electrical isolation between
the capillary and the apparatus because the capillary daadedup to 2000 Volts. Therkad
to be an exit orifice across frothe capillary so that the fluid coukkit the apparatus. Finally,
the tearmeededo see the fluid exit the capillary and the orifice with a camera.

Once the apparatus is fabricated and functioning, the data should provide insight into
perfecting the kectrospray technique using flow focusing. At present, many research teams have
constructed ways to produce flow focusing and electrospray techniques separately in many
different environments. However, few have studied both techniques together. vhe flo
focusing technique compliments the electrospray technique by controlling the fluid more
carefully. The purpose of combining electrospray and flow focusing techniques is to create a
more uniform, axisymmetrical flow with a smaller gatd dropletiamete.

Although there are few applications for flow focusoligcussed in the literaturthere are

many applications for electrospray. A more refined electrospray technique using flow focusing



can build on the present applications or create more applisatidost of the flow focusing
applications occur in the fields of biology and chemistry where uniform droplets of liquids are
required. Electrospray has many applications in the figldsass spectrometry, fuel injection,
and materials science. Combigithe flow focusing technique with electrospray can drastically

improve the applications by creating a finer droplet size.



Chapter 2: Background

2.1 Electrospray

Electrospray is a process used to produce a fine stredromgtsfrom aliquid jet.
Electrospray useslectrical forceso deform the meniscus afiquid exiting a capillarysuch that
it can forma coneand then a fine jet. The jet then breaksnip finedroplets This cone is
called a Taylor cone whicharrows down to a jet micrgin diameteremerging from its apex
Because aelectric field is applied tthe capillary, the droplets arereated in the liquid at a high
potential difference (voltage) relative to a facing electrode used to accelerate the didpdsts.
dropletscan breakup into smallerdropletswhich are attracted toanelectrodeplaceda certain
distance from the end of the capillaRor the present work, the capillary is biased to a high
potential relative to the facing electrode, called an extractor electrode, which is at ground
potential as shown iRigurel: A general diagram of an Electrospray with the capillary, Taylor

cone, jet, and extractor electrode
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Figure 1: A general diagram of an Electrospray with the capillary, Taylor cone, jet, and extractor
electrode



2.1.1 How Electrospray Works

An electrospray allows the jet stream to break down into smaller droplets and accelerate
towards the extractor electrad@/ithout an applied voltage, the watgould slowly form ino a
meniscus which grows untilig so largethat the water droplet falls to the groundith a mass
flow rate on the order of micrograms per second, the water is not allowed to flow in a steady
stream towards the extractor electrodée water forms a meniscus because of the
intermolecular forcebetween the polarized water molecul@heseintermolecular forces result
i n t h e sutfacegensiod.blrsorder to get an electrospray to form, the surface tension must
be overcome by the presence of a strong electric fighek applied voltage caes the water
droplets to break up further away from and accelerate from the tip of the capillary towards the
extractor electrode. This voltage also causes the jet to become unstable and break up.

The Taylor cone is a phenomenibiat was first observeloly John Zeleny in the early
1900s but wasfirst explained by Taylor (New Objective, 2004ylany scientistdiad observed
this phenomenon but were unable to explain it until Taylahe late 1960s (Taylor, 1968)

Taylor derived an expression for theneanglejust before the jet formation. He assumed that

the surface of the liquidias atthe same potential that was applied to the capillary and that the
electric potential in the liquid depends only on the distance from the center (i.e. azimuthal
symmety). Using these two assumptions, Tayderivedan equation such that the repulsive

force due to the applied voltage balances out the surface tension by the liquid. Taylor came up

with this equation (Taylor, 1968)
Q= ay+ 6 201 (dki—)

Equation 1



wheregy is the applied voltage to the capillary, A is a constant, R is the distance from the center

of the conddistance from apex)andd1 Z(Js'i—} is a Legendre Polynomial of order %2. Using

the assumption that V &, on the surface of the cone, the equation simplifies to

01 ) c&i—= 0.

Equation 2
Solving for the angle yields a result of 130.7 degrees. Therefore, thenudf of all Taylor
cones due to the balance of the electric feeid the surface tension is the compliment of this
angle, or 49.3 degrees.

Once a voltage is applied, the meniscus begins to deform into a cone. In order to form
this cone, a strong enough electric field must be crdsgtteerthe tip of the capillary and the
extractor electrode. This electric field required for emission at the tip of the capillary is a
function of the surface tension, the hatfgle of the Taylor cone, the inner radius of the
capillary, and the static permitity of the liquid. The static permittivity ia measure cd
l iquidbés ability to store el anadequataectpcdidldant i al ¢
the capillary, the following relationship must hold (Rohner et al, 2004):

26355

g6 In (21 555)

l v oo 5
oouv

Qop =

Equation 3

W5 IS the voltagdapplied to the capillajyrequired to create an electrospriy; is the inner
radius of the capillary, an@is the distance from the capillary to the extor electode. The
Wy requiredto form an electrospray and a Taylor cone is a function of the surface tension, the

inner radius of the capillary, and the static permittivity of the liquid (Taylor, 1968). Once all the



parameters are seéie menisus shapes intoBaylor cone upntil the surface tension can no

longerhdd the liquid molecules together and the droplets break down through Rayleigh

™

instability.

i

Figure 2: An example of an electrospray. The Taylor cone is much smaller than the rest of the
stream, and the jet breaks up after a cedatance (Copyright © 2006 gambridge
University Press

Throughout the formation of the Taylor cone, the liquiddseleatedtowards the
extractor electrode. After the Taylor cone, the jet begins to travel towardsgtthetor
electrale. Through this timehe surface tension can hold the repulsive forces together and keep
the shape of the stream. However, throughsutransit from the capillary, through the cone and
into the jet and subsequent droplébe liquid begisto evaporatdecause of its volatility As
the liquid in the droplets evaporates, the charge density can increase to the poinhehere
repulsiveelectrostatidorce from the charge overcomes the surface tension that is holding the
liquid togetherThis limiting chargas known as the Rayleigh limit. After the Rayleigh limit is
reached, the droplets underfessiond where one dropldireaks intanany droplets. The
following relationship holds for the Rayleigh limit (Grimm, 2006):

=28 i3
Equation 4

where- is the static permittivity of the liquid, is the surface tension of the liquid, ainé the
radius of the dropletOnce the jet stream brealginto many droplets, they begin to repel each

other while still attracted to the extractor electrodée droplets tend to spread themselves out



symmetrically from the center axis. This acspfeading out occurs to some degree anytime

particles with same charge are influencing each other.
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Figure 3: Depiction representing droplet fission. Once the Rayleigh limit is reached, the droplet
begins to break down until iventually reaches a stable staBopyright © 2006 byGrimm).

2.1.2 Uses for Electrospray
Electrospray research dates back to the first photographs, taken by John Zeleny in 1917,
of liquids exiting a capillary which is raised to a high voltage. Moshefesearch up until
Taylor wrote his paper on water drops in electric fields in 1968 was visual or qualitative. Since
Tayl ords paper was published, research has bee

concept as well as perfecting a design t&en& efficient and useful in a variety of applications.



Electrospray is important within the field of mass spectrometry. Mass spectrometry is a
way of measuring the mass of a certain molecule or atom. Mass spectrometry works by
accelerating a chargeanticle into a magnetic field. Through the nature of charged objects
moving in a magnetic field, the particle moves in a circular motion whose radius is a function of
the mass of the particle, the charge on the particle, the velocity normal to the mégltktand
the magnitude of the magnetic field. By a@ely measuring the velocity, magnitude of the
magnetic fieldand radius of the circle, thehargeto-masgatio of the particle can be
determined. Mass spectrometry is important in fields such as liquid chromatography, nuclear

physics, and organic chemistry.
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Figure 4: Diagram of a typical mass spectrometer. The charged particle drgeragnetic
field and continues in a circular path until it hits the detector on the(@aflyright© 2008 by
Addison Wesley Longman, Inc)



Electrosprays can be used in mass spectrometry because of their ability to produce
charged droplets which can camolecules of interest into a detector. Electrospray is also
effective because it can not only transport a solute of interest along with the solvent but also
because much of the solvent evaporates in the process. This is important in cases such as
detecting drugs in a blood sample (Johnstone and Herbert, 2003). A liquid or a solution with
particles dissolved in it is sent through the capillary at a certain mass flow rate. This liquid could
be an organic compound such as an alcohol or ketone, an agaedotion, or a mixture of
different solutions. This liquid is sent through the electrospray apparatus and into the mass
spectrometer. By using the electrospray apparatus, the mass spectrometer can help determine
molar masses of certain compounds.

Another application for electrospray is in the field of materials science. Many of the
metals used in various ways are coated with certain materials. For example, to protect a metal
such as iron from an environment where it can easily oxidize, a caathgas zinc is applied
over the iron so that the zinc oxidizes before the iron. Therefore, the iron lasts much longer with
the coating than without the coating. Applying these coatings can be difficult sometimes. With
an electrospray, the coating camut on the material in a simple, efficient way. The coating
can also be applied to the material such that it has the same thickness on the entire material as
opposed to an uneven thickness on certain portions of the material. An electrospray is better
than conventional spray coating because of the electrical conductivity of metals. In addition to
providing an even jet of coating, electrosprays produce charged particles which stick better to the
metal than uncharged particles (Seaver and Eckhardt, .1988)

Electrospray can also be used in thrusters for spacecraft. As opposed to a conventional

chemical thruster, a Colloid thruster is a device used to produce thrust using electrospray.

10



Colloid thrusters accelerate an ionic liquid using electrospray goel #out the back of the
spacecraft. These thrusters do not produce much thrust, but they are incredibly precise and
controllable. There are virtually no losses beyond any droplets that impinge on the extractor

el ectrode and do re&pdacearedt.kMosticaloiddhwstess fat spacecfaft Have
been considered for attitude control based on a typical thrust of-i@&nbons per thruster, but
some small spacecraft could potentially use them as primary thrusters. As sheguréb,

most of the power needed for these colloid thrusters is the applied voltage for the capillary and
an accelerator voltage which accelerates the charged particles ouspéteeraft. Some power

is also used to heat the propellant to keep it from freezing. There are two extractor electrodes in
Figure5 to accelerate the propellant irder to obtain a higher exhaust velocity. This allows the
system to produce the greatest amount of thrust from the available propellant. An advantage to
using colloid thrusters is that there is no combustion of fuel required. Therefore, almost any
ionicliquid could be used for fuel. In general, electric propulsion systems are more fuel efficient
than a chemical propulsion system (higher specific impulse) but cannot produce the same

amount of thrust.

11
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Figure 5: An example of aolloid thruster. The electrospray is at the top which accelerates the
ionic fluid towards the bottonQopyright © 200 by BusekCo. Ing.

Fuel injection is another area of research where an electrospray could be beneficial.
Because of the small size of droplets produced, an electrospray of fuel into the combustor allows
the fuel to disperse evenly throughout the burner to get a more effficiening of the fuel. One
drawback is that on a large scale the mass flow rate of fuel needed is much larger than the
normal mass flow rate for a typical electrospray system. For example, Gafianet al, 2006
used a maximum mass flow rate on theeoraf milligrams per second while a typical jet engine
on an aircraft can have a mass flow rate on the order of kilograms per second. Therefore,
multiple electrospray systems would be required to fuel a large gas turbine engine such as an
aircraft engine.Many studies conducted on fuel injection report more efficient combustion when
an electrospray system is used to inject the fuel into the combustor (Hetrick and Parsons, 1998).
Some combustors are large enough that they require more than one elegtsgsiaa to inject

the required amount of fuel. More research is necessary in the area of fuel injection because

12



surface tension, which plays a large role in the formation of the spray, is a function of
temperature. Because the fuel is injected intoradnat a high temperature, the jet stream
deforms as shown iRigure6. Because a higher temperature means a lower surface tension, the
droplets break down at a lagradius from Equation 4. Therefore, the droplets break down

further away from the capillary as shown in Figure 6.

T=20°(

[ =557

Figure 6: Ethanol electrospray phenomenology at elevated temperatures. Although the stream
still breaks down ito small, charged droplets, the jet stream is much different as it exits the
capillary depending on the temperatures. Only in picture (a) does the formation result in the

Taylor CongCopyright © 20@ by J Mass Spectrom. Soc. Jpn

2.2 Flow Focusing

The process afreating an axisymmetricatream by using a gas or liquid of higher
pressure is called flow focusingrlow focusingproduces a stream on aamon-scale and ialso
used to create individual droplets of a liqaislseen ifrigure?. Initial work in flow focusing
was done by Gana@alvo in 1997.Flow focusing begins with a core liquid set up in a tube or
capillary pointing towards an orificel he diaméer of the orifice is smaller than the diameter of

the capillary This creates a smaller stream diameter thanliameter of the capillaryOutside

13



of the capillary is a liquid or gas that is of a higher pressure than the outside of the Gtiice
creates a flow of th#éuid surrounding the core liquid jetvhich can either be the presged gas
or a liquid thatsurrounds the capillargnd travel through the orifice with the cdicpid
(Davidson, 2005) The noncorefluid creates force on the ae liquid guiding it through the
orifice. The noncorefluid encompasses the core lig@tdall times from wheit leaves the
capillaryuntil after the core liquid leaves the orificEhe cordiquid is never in contact with the
orifice. (Flow Focusinghc2009. In a system when the narore substance is a gas, the core

liquid does not clog at the orifice which helps keep a steady s(@ana 2003)

Flow focusing is mainly used to creatéreer, or smallerand moreuniform droplet size
when thesurroundingsubstance is gadifter exiting the orifice the core liquigt breaks into
droplets The droplets can be larger than the oriticeside of the orifice lEuse the nerore
substance surrounding the liquid is allowed to expand outside ofiftee. In flow focusing the
only location where droplets should form is once the core liquid passes through the &itive.
focusing at a smaller scale wlfoducenearly-uniform droplets,hundreds of microns in
diameterat anearly-constant rat¢Anna 2003) As seen irFigure7, the stream of core liquid is
compressed to a size smaller than the capillary then begins to break into didEeiameter

of thejet in Figure 7is a couple hundred of microns in dimension.

Figure 7: An example oflow focusing (Copyright © 2006 byCambridge University Preps

14



Another way to configure the flow focusing apparatus is to make thesabstance a gas
and the norcore substance a liquidinstead of creating droplets, as in the case where the non
core substance is a gas, bubbles are formed in the.lighielse have the same properties as
above such as uniform diameters; however, sineeae gas is surrounded by a liquid, bubbles

are formed instead of a droplet (Wa2805.

An axisymmetricalktream is the result ofdv focusing, buthe controlling diameter of
the streanis a major motivation in the use #dw focusing A factor, in determining the stream
and droplet diameteras mentioned earligis the size of the orificeSince the nostore
substance is guiding the core liquid through the orifice the core liquid must have a smaller
diameter than the orificeThe orifice dameters camange in size from slightly larger, to several
timesthe diameter of the core liquid streafnchangeof the substances) the noncorefluid
and core liquid in this case would determine how much smaller the diameter of the stream is in

contrast to the diameter of the orifi¢€low Focusing Inc.)

Other parameters that cdeterminghe diameter of the stream are the flow rates of the
noncorefluid and the core liquidPrevious experiments have shown a change in droplet size if
there is a chage in the flow rate of the core liquid while keeping fllogv rate of thenoncore
fluid constant In an experiment done at Harvard UnivergMyard, 2009, the increase of the
core liquid flow rate increased the diameter of the dropl€lss studyalso shows that the lower
the flow rate of the core liquid the smaller the diameter of the formed drople¢sflow rate
does have to be large enough though for the flow focusing to hagipeenery low flow rate,

almost zero, a steady stream is nohfed
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Flow focusing with the ability to create micrsized, uniform dropletsnay havemany
different uses The stream created is péarly-uniform dameter allowing afluid to bemetered
into small incrementsThefluid can then be equally distributelue to the uniform droplets,
allowing manufactures the ability to control the amount of a liquid in their product and spread it
uniformly. An application for flow focusing is in the area of chemical and biological stuthes
the manufacturing of cheal compoundsa precise measurement of all substances involved is
needed in order to obtain optimum resultie abilitycreatea uniform droplet sizallows the
manufacturer to know exactly how much of one substance they are 88iag flow focusing
allows for formation ofa jet stream with a diameter of a couple hundred microns, small
increments of a fluid can be measured allowing manufacturers the ability tonloagerecise
measurementdf the experiment entails studying the effect of a certabbstance on another,
fixing the amount would give results with better precisidis creategess error than previous
methods of measuring substances added to a system or chemical compoun@Q0Bud; hese

are just some of the ways flow focusingtaring to be used in industrial applications

2.3 Previous Work

A study combining flow focusing and electrospray was written in 2006 by Alfonso
Garan-Calvo, José Lopeklerrera, and Pascual RiesChueca. This study proved the
combination of flow focusing and electrospray results in a decreased droplets size, as well as an
increase in flow stability and operating ranggananCalvo studied the caseés which:
Afree char ges +gasmtertadceandfoon atqueeguilibriung u i d
| ayer whenever t hejiKaslsdficientlyislorterthanany at i on t i me
ot her charact er i sjtandK béing the eedtrycal pemmiittvityt i me, U

and conductivity of the |liquid.o
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Figure 8: Three devices used in tBafnanCalvostudy(Copyright © 2006 byCambridge
University Press

This study involvedlacing a charge on the capillary before it enters the flow focusing
chamber. The electric currecdrried bythe droplets was collected on an implication plate in
order to measure thelectrical discharges through the gas, between the issuing ligaiddehe
orifice” (Garan-Calvo, 2006). Théhree flow focusing apparatusesedhadvarious geometries.
FigureJAdepi cts the device containing 1Bdepictd i ce w
the same device with an @depictsadevicermanthiengb5of 200 ¢
orifices each with an exit diameter of 200 &m.
the devices used, but also investigated the sensitivitydio groperties as density, viscosity,
surface tension, and electrical conductivity of the core liquids. These properties were analyzed
whenseveral input parameters including the liquid flow rate, gas pressure drop through the
orifice, and capillary to dfice voltage dropvere altered

The results of this experiment show that the differenmténput parameters strongly
affect not only the droplet size, but also stability of the flow. A high input flow rate negates the

effectiveness of electrification aeducing droplet sizeA medium to low flow rate coupled with
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electrification displays a reduced droplet size. As the applied voltage increases, so does the
current of the jet, while the droplet size decreas@sth a combination of applied voltage and

gas pressurega'significantly enhanced spraying stability enswék a much wider operation

range tharflow focusing or electrosprayGaran-Calvo, 2006).The study also revealehat the
spray tends to fideviat e fan-Q@alvo, 2006¢as thgapphiedt r y o f

voltage increases

2.4 Theoretical Jet Diameter and Droplet Size

Two of the dependent variables of interest in this experiment are the jet diameter and the
mean droplet size. The jet diameter and mean droplet size are fisnafithe four independent
variables (applied voltage, distance between capillary and orifice, pressure difference, and flow
rate) as well as fluid characteristics such as surface tension, density, and electrical conductivity.
The theory behind the finatlationship between the jet diameter, droplet size, and other
parameters begins with the simplified Navi&iokes equation for the fluid in the capillary and
the Euler (inviscid) equation for the gas under the assumption that the gas is incompressible
(GananCalvo et al, 2006):

N foa= 0 "CuflOn= MMyt N AVE

Equation 5

, (o1 gop)?
S B P

n = 0:
¢O| 0; 5

+ o= M

Equation 6
Whereogandoj arethe velocity vectors of the liquid and gagand” qare the densities of the

liquid and gasr), andr}qare the dynamic pressures of the liquid and gggis the gas

stagnation pressure, afitfi= ‘ [0 gog+ N go, 4|] is theviscous stress teasfor the liquid ( is
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the dynamic viscosity of the liquid)After applying the boundary conditions on the system, the
theory begins with a set of assumptions that lead to the final equation. First, the theory
approximates the solution by assuming a-dmensional flow which is symmetrical in all
directions. The theory also assumes the jet is slender which allows calculations that neglect the
stress boundary conditions and conduction effects from the surrounding gas. Because the
experiment used a lowiscosity fluid, the Reynolds number for this particular experiment was
high. Therefore, the viscous terms from the Naitokes equation are neglected. Finally,
because testing is not operating at a peak voltage near the electrospray limit, thaskeorgys

that electric dissipation and electric pressure are negligible. Under these assumptions, the

following relationships hold for the mean droplet size (Ga@alvo et al, 2006):

— "@
~ 0Y0q
Equation 7
b Y1
Equation 8
~ 4
00 = [ ” — ]1/2
Equation 9
, , 0
Qo= 182 Q2 ()2
Uo
Equation 10

Where IV is the electrical power supplied to the capillary, Q is the volumetric flow redehe
density of the liquid, is the surface tension, aif¥qon iS the mean droplet size for the system.

Q),0,,and| are reference variables definedsimplify the resulting expressions. is a
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dimensionless number whose value approaches infinity for a pure electrospray and O for pure

flow focusing. The droplet diameter can be determined by the assumption that the jet is

monodisperse (as opposeddolydisperse), st,e 2

e Tgg ONCE the droplet diameter is related to

the jet diameter using the Rayleigh factor of 1.89. A monodisperse jet stream assumes that the

droplets are similar size while the droplet size significantly differs in a polydispet.
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Chapter 3: Methodology

The goal of this project was to design, build, and test an apparatus which produces a
microfluid jet using both electrospray and flow focusing techniques. After building the
apparatus, the team calibrated the flowtesys(built as part of a previous research project) and
used a microscope to characterize the jet formation as a function of the mass flow rate, internal
pressure, and distance between the capillary tip and the orifice. Outside of supplied items such
as aworkbench, camera, and the mass flow rate system, the experiment had a budget of $480.
The original timeline for this project called for completing the design durhterd, building

and fabricating the design int®rm, and testing the apparatus Hte@m.
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Theresultsof this projectinclude imaging othe stream as it exits the capilldoy
different values othe pressure of the surrounding gas, the mass flow rate through the capillary,
and the dstance from the tip of the capillary to tbefice. Figure9 depicts the test set up which
consisted of the Jet Source Enclosure and Flow Delivery Sysd@menters the reservoir of the
Flow Delivery System forcing the test liquid through a seriesagpfllaries, filters, etc. until it
reaches the Jet Source Enclosure at the desired mass flow rateestélpparatugknown as the
jet source enclosure) which produces the jet has three different feedthronghsf the
feedthroughs on the side is cmtted to a container of pressurizadto create a pressure
gradient between the inside of the jet source enclosure and the atmo3pledieedthrough on
the opposite side is connected to a pressure transducer which measures the pressure inside the jet
source enclosuré\ bulkhead union§wagelok part number S80-61), was used on both sides
of the jet source enclosure to connect the pressurized air and pressure trandokicer.
feedthrough in the back allows the capillary, which is connected titotvedelivery systemto
enter the jet source enclosure through a pregsgheseal The capillary was fed through an
Upchurch ScientifidJ-440 bulkhead unigrwhich was connected to the box, to hold the
capillary in position and create an airtight sedhat feedthrough. The jet exits the Jet Source
Enclosure via an orifice directly opposite the capillary input. The camera is positioned either to

view the flow before (as seen kiigure9) or after it reaches the orifice.
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3.1 Initial Design of Jet Source Enclosure

Figure 10: Initial Design

The initial design consisted of a rectangular aluminum shellthébutsidedimensiors
four incheswide by four inches long. The shell had a height of 1.5 inahdsa wall thickness
of 0.5inches Cut from 1 piece of block metal, the apparatus would h&:23inchshelf
machined).25 inchegleep into the top and bottom. A3quare inch piece of clear material
with a thickness 0®.25incheswould reston this sheltreating a window for viewing the
experiment. The clear material would be secured to the shell with 6 screwsttridlegh the
clear materialind into the sié The shell also would have 1 hole machined into each side.
These holes would incorporate thgas, electrical, and capillary inpwts well as the orifice.

The final apparatus needed to fulfile design requirements in order to effectively
produceand facilitate characterization tife jet characteristics. Thefee requirements

consisted odirtight seals foadjustableressurization, an adjustable capillary position, an
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adjustable orifice sizgbility to view and take images of the jet stre&kBgping the position of
the camera in mindind an adjustabMoltage orthe capillary

The final design required an air tight seal so that the pressurized gas within the box would
only escape through the machined orifice. Theahdesign involved 6crews in order to seal
the clear top to the shell. This would offer easy access to adjust the items within the apparatus
such as being able to adjust the capillary posifldre positioning of the capillary needed to be
adjustable to microtevel precison, so the teanconsidered purchasing micrometeto be
attachedto the capillary outside of thenclosure This would allow an operator to adjust the
distance between the capillary and the electrodes.

In order to investigate how the diameter and theds of the orifice could affect the jet,
the initial design called for interchangeable discs with different size holes which could be
attached to the front face of the jet source enclosure. These discs could be secured to the shell
with 3 screws so that user would easily be able to switch the discs between experiments. The
team originally wanted to apply an electric charge and current to the capillary within the box.
This safety precaution would reduce the chances of an accidental electrical sheckirelused

in the electrical input would be insulated for safety.
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3.2 Final Design of Jet Source Enclosure

Figure 11b: Exploded view

The design of jet source enclosure wasenby a couple of different parameters. This
projectdés goal was to create a microjet; there
large. The structure at its largest dimension is four incliésrelatively smallsize of the
structureresultsin alow cost of manufacturing sinditle materialwould be needed. The
structure was machined from aluminum with a couple of the parts formed from Plexiglas to

allow visibility. The structures also manufactured in parts to make machining easidrof A

25



the parts were machined from plate al umi num,
stock. This not only minimizes waste but also promotes easier machining of the inner grooves
of the device, as seenhigurel2: Side of the inner bg¥igurel3, Figure14, andFigurel5:
Top and bottom of inner boXAnotherrequiremenfor the enclosure design wHet itbe leak
tight except for the jet exit orifice. For flow focusing the gas surrounding the jet should only
have one location to exit the enclosure. Thdasure was designed to align the capillary with
the orifice in order to create an ideal condition for flow focusing and electrospray. Lastly, the
structure was designed to be electrically grounded for saWherethe capillary enters the
structure it las a potential applied to it and therefoequires that no aluminum or conductive
materials directly contact ib keep the structure grounded. This forced all the parts taytinen
capillary to be plastic.

As the capillary enters the structure it hgsgential applied to it and therefore to keep

the structure grounded.

3.2.1 Sides

Figure 12: Side of the inner box
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The two sides of the jet source enclosure were designed identical to each other. The
dimensions of each of thedes ara length of three and half inches and height.6inches and
a thicknes®f 1/8inch. The four corners of the side are chamfered by three sixteenths of an inch.
This produced a pocket for the metal beahlich would becreated during weldingf the
structure. These pockets created by the chamfer also allowed the welder to continue the weld
around the entire structure. Another part of this piece is the 0.44 inch diameter hole. One of the
holes accommodates a bulkhead fgesithrouglused to mtroduce pressurized gas for the flow
focusing, while the hole on the other side accommodates a second bulkhésetgasugh
used to connect a pressure transducer. The pressure transducer allows the internal pressure of
the structure to be measureb.h e | ast feature of the side sect.
serves as a track for a piece of Plexiglath a capillary alignment hol® beinsertedf the

capillary needs extra support close to the orifice cap.

3.2.2 Back

2.0in

Figure 13: Back of the inner box
The back of the structure has two distifesitureghat define its design. The dimensions

of the back piece ark5inches tall by2 inches wide and &/4inch thick The most important
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purpose of the back wall ikdt it suppordthefeedthrougtfor the capillary into the enclosure.

The hole in the middle of this part is a-3@ clearance hole. Thépchurch ScientifidJ-440

bulkhead union (figure 19), which is used to feed the capillary into the enclosure ipathifit

hole. The feedhough can be loosened around the capillary, for adjustments to its position
relative to the extractor orifice, or tightened to secure it and provide ditgdKitting. The

thickness of the back plate is only a quarter inch atigithe U440 to have enough thread on

each side to be tightened. This part has a three sixteenth chamfer on each side. This creates a
pocket for the welding bead, which allows the part to have a flat surface after the structure is

welded together and gund smooth.

3.2.3 Front

2.0in

Figure 14: Front and rear of inner box

The front part of the structure was designed with afeatures The dimensions of the
part are two inches by one and a half inches and three eighths of ahiakchThe part is
chamfered on each of the outer edges. The hole in the front of the front and back piece is
chamfered to allow an angled camera a view of the jet stream exiting the orifice cap. The hole in
the front structure is meant to be largsaur the exit orifice, while the orifice cap is designed

with a smaller hole whicdefinesthe exit diameter. This design allows for the orifice cap to be
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interchanged, to test the effects of different orifice diameterhe jet diameterOn the back of
this part there are three screw holes to secure the orificecap p| ac e . Thereds a
o-ring groove to seal the orifice cap structure ensuring the path for gas escape is through the exit

orifice.

3.2.4 Top and Bottom

Figure 15: Top and bottom of inner box

There are two of these parts, one on the top and bottom of the inner box (the jet source
enclosure minus thielexiglasand these top and bottom pieces). This piece is welded to the
inner box and designed tolfill several functions. The dimensions of this partdarehes by
3.5inches an®/8 of an inch thick, with an inner rectangle of two inches by two and three
guarter inches cut out. This part will create an overhang on the innésdmkigure 11h)
allowing the top and bottom lids to be connected by bolts. Also, there add&wwh by1/8
inch grooves cut into the piece to support the capillary holder. The last feature of this part is the
o-ring groove. This groove is for a 4mmrihg and is @signed to create a seal between the

welded part of the structure and the Plexigld®e dimensions of the-@ng were deteremined
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usi ng t he ¢ omp ahtp// wEnwelh.cn)/ ereCriag sizieg,to(determine the

groove size caelation to an ordable Gring thickness

3.2.5 Plexiglas

The Plexiglas on the top and bottom of the structure has two objectives. This is to allow
visibility into the structure and to keep the gas from escaping from the enclosure. Both pieces of
Plexiglas have rectangular dimension8&inches by3 inches ad are ari/8inch thick. The
Plexiglas is held in place by fasteners holding the lids and the top and bottom of the structure in
place. The Plexiglas is also in direct contact with thmg@ to create the gagyht seal for the

enclosure.

3.2.6 Lid
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Figure 16: Top lid of structure
This piece was designed to match the width and length of the assembled structure as well

as have #10 clearance holes to match the top of the structure. This part has the dimensions of an

outer rectangle of four inches by three and a half inches anchandimension of a rectangle of
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three inches by three inches and is a three sixteenth of an inch thick. Th®lmairthis part is
to press against the Plexiglas and seal the top of the structure. This part has the same bolt pattern
as the top of thetructure and has countersunk screws in order to create a flat surface once

assembled.

3.2.7 Orifice Cap

Figure 17. Removable orifice cap

Secured to the inside of the front wall, this component was designed to allow tésting o
different orifice sizes.The cap consists ofthin disc surrounded by a .15 inch thick ridge. The
ridge has an internal radius@# inches and an external diameter of 1.2 inches. The ridge
contains three machin&d48 clearancéoles evenly distrilited around its diameter. These
holes align with a similar set of holes on the inside of the front wall that center around the exit
hole. Each cap requires three4 screws to secure it to the sh&khe important features of the
orifice plate are therifice holediameter and its lengtkthethickness of the disk at the center
Our desigrfor these dimensions called for the machinist to make these as small as possible. The

dimensions settled on and made were a thickness of 0.48 mm and a hole diameter of 0.397 mm.
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3.2.8 Feet Connector

Figure 18: left Feet connectoright Feet Connected to bottom part of jet source enclosure

The purpose of the feet connector is to connect the feet to the rest of the structure. The
dimensions of this part aeewidth of 2inches bya length of 4nches, an innerectangleof one
inch by three inches, and a thickness of one eighth of an inch. The two bolt holes on the shorter
sides are lined up with the middle holes on the bottom of the structure. The two bolt holes on the
longer sides of the part have a clearance hole for themmttecbthe feet to this paihe feet
keep the structure at a fixed point allowing the camera to move to enhance the sight of the

stream

3.2.9 Feet

Figure 19: Feet of Structure
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This experiment required firmly securing tieclosure and its components to a small
microscope stand to prevent vibrations during imaglig feet were designed in order to
stabilize the box during operation. Because of the high magnification needed to resolve jet
dimensions measured in the tensmérons, any motion of the box during testing could make
imaging difficult and also misalign the capillary and orifice, affecting the results. Therefore, the
feet were designed to match the hole pattern on the microscope stand used in the laboratory. Th
base of each foot has dimensiond afch by0.5inch with a height ol/4 of an inch. A column
of one half cubic inches extends from the base with a32lthreaded hole through it. The
holes that attach the feet to the work bench span a dista@ce inathes from center point to
center pointThese feet elevate the box three quarters of an inch from the surface of the bench

and screw into the workbench.

3.3 Inputs and Attachments

In order to create an electflow focusing system, the design acomodated several
different inputs and attachments to the jet source enclosure. Some of these attachments were
purchased while others were readily available in the laboratory. Some inputs were purchased

and then altered in order to create a pressghe seal throughout the entire jet source enclosure.

3.3.1 Pressure Inputs

4l (o

Figure 20: Swagelok Bulkheatnion (Copyright © 2008 byswagelok Company).
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Two bulkhead unions were selected, (Swagelok part numbd0881), to both supply
gas and measure the pressure inside the box. These small, symmetrical fittings consist of two
nuts attached to a long screw, with a bolt on each end. The two nutsmidtiie tighten on
opposite sides of the wall to produce a prestigte seal. The purpose of a hole on one side of
the box is to supply pressurized air to the jet source enclosure (as shiéiguarigB). On the
other side, the second bulkhead union connects to a pressure transducer (Omega Engineering,

Model DP25BE, 9.5W).

3.3.2 Capillary Input

Figure 21: Nanotight kit from Upchuch Scietrfic (Copyright ©2008by IDEX
Corporation

In order to create a presstight seal around the back of the wall, where the capillary is
inserted, a nantght kit from Upchurch Scientific (Part #1240) was selected. This-tighokit
includes a Teflorsleeve a bulkhead union, a PEEK screw, and a small ferrule. The team used a
stainlesss t e e | capillary from Upchurch Scientific w
(2.588mm), an inner diameter of 0.020 (0.508 mm),
surrounds the outside of the capillary, where it enters through the back of the box. The capillary
enters the box via a-440 bulkhead union (séggure2?) attached to the inside of the box. To
guarantee that no air could escape, a nut was welded to the bolt on the end of the bulkhead. On
the outside of the box, a screw made of PEEK exigp polymer, was inserted into the bulkhead

union. A small ferrule, or conical piece with a central hole in it, surrounds the capillary in

34



between the PEEK screw and the bulkhead union. The portion of the capillary encased in the
sleeve is inserted thugh the PEEK screw and the bulkhead union. As the PEEK screw tightens,
the ferrule is squeezed by the PEEK screw which creates a prégbtigeal. In order to move

the capillary back and forth, the PEEK screw must be loosened and the capillarjioeedsi

before tightening the screw again.

Figure 22: The U440 Bulkhead Union with the washer welded to the nut.
3.3.3 O-rings
In order to keep air from escaping through the top and bottom, custang©were
ordered. The @ing grooves, machined on both the top and bottom of the box, are not circular,
thesegrooves have a tight curvature on the corners but straight everywhere else. Fhege O
have in inside diameter of 85mm with a cregstion of 4mm in order to accommaoelghe
special groove geometryhe Oring grooves were determined to allow theifgs to expand

horizontally more than vertically. For example the horizontal distance of-tfveg@roove for a
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