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Executive Summary  

 The goal of this research project was to design, build, and test an apparatus to produce a 

stream of liquid using electrospray and flow focusing techniques.  The chamber of the final 

design, known as the jet source enclosure, had to be air-tight and electrically isolated from the 

tube which supplied the fluid.  The diagnostics needed to characterize the liquid inside and 

outside of the jet source enclosure were studied. 

 The jet source enclosure was designed to meet specific design criteria.  Because the jet 

source enclosure had to be sufficiently air-tight to support a pressure of approximately two 

atmospheres, the final design included an aluminum frame with plexiglass pressed on the top and 

bottom by an aluminum lid.  The plexiglass allowed visualization of the jet stream inside the jet 

source enclosure.  There was one air-tight feedthrough on each side of the jet source enclosure: 

one side provided the compressed air while the pressure transducer was installed on the other 

side.  The back of the jet source enclosure had an air-tight feedthrough for the capillary so that 

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.  

The interchangeable disks were designed such that the jet source enclosure could be used to 

perform tests with different exit orifice diameters.  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 also designed 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 machining of the jet 

source enclosure.  Some final adjustments were needed in order to successfully put the jet source 

enclosure together.  The team was supplied with the plexiglass and a capillary.  Bulkhead unions, 
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o-rings, a nano-tight kit (for an air-tight seal and electrical 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 flow delivery system was already available for the project.  

However, the system had to be calibrated so that the team could generate a specific mass flow 

rate on the order of micrograms per second.  The mass flow delivery system includes a helium 

pressurized reservoir.  A pressure transducer was supplied to read the gauge pressure inside of 

the jet source enclosure.  To create a pressurized environment, compressed air was fed into the 

jet source enclosure from the side and exits through the orifice. 

 After all of the machining was finished and the supplies were purchased, the team put the 

jet source enclosure together and tested the complete set-up.  The team was able to take pictures 

of the jet stream inside and outside of the jet source enclosure using the flow focusing technique.  

Due to time constraints, the team was not able to test the system with the electrospray technique.   
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Chapter 1: In troduction  
 

Production of a Fluid Microjet Using Electrospray and Flow Focusing, advised 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 and flow focusing techniques.  This 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 

apparatus needed to be air-tight to withstand pressures of up to two atmospheres.  The apparatus 

also required feedthroughs for compressed gas and a capillary (the tube which the fluid travels 

through) each with a pressure-tight seal.  A pressure transducer had to be connected in order to 

accurately control the pressure inside the apparatus.  There had to be electrical isolation between 

the capillary and the apparatus because the capillary can be biased up to 2000 Volts.  There had 

to be an exit orifice across from the capillary so that the fluid could exit the apparatus.  Finally, 

the team needed to 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 electrospray 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.   The flow 

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 jet and droplet diameter. 

 Although there are few applications for flow focusing discussed in the literature, there are 

many applications for electrospray.  A more refined electrospray technique using flow focusing 
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can build on the present applications or create more applications.  Most 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 fields of mass spectrometry, fuel injection, 

and materials science.  Combining the flow focusing technique with electrospray can drastically 

improve the applications by creating a finer droplet size. 
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Chapter 2: Background  

2.1 Electrospray  

Electrospray is a process used to produce a fine stream of droplets from a liquid jet.  

Electrospray uses electrical forces to deform the meniscus of a liquid exiting a capillary such that 

it can form a cone and then a fine jet. The jet then breaks up into fine droplets.  This cone is 

called a Taylor cone which narrows down to a jet microns in diameter emerging from its apex.  

Because an electric field is applied to the capillary, the droplets are created in the liquid at a high 

potential difference (voltage) relative to a facing electrode used to accelerate the droplets.  These 

droplets can break up into smaller droplets which are attracted to a an electrode placed a certain 

distance from the end of the capillary. For 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 in Figure 1: A general diagram of an Electrospray with the capillary, Taylor 

cone, jet, and extractor electrode. 

 

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

electrode. 
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2.1.1 How Electrospray Works  

 

 An electrospray allows the jet stream to break down into smaller droplets and accelerate 

towards the extractor electrode.  Without an applied voltage, the water would slowly form into a 

meniscus which grows until it is so large that the water droplet falls to the ground.  With 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 electrode.  The water forms a meniscus because of the 

intermolecular forces between the polarized water molecules.  These intermolecular forces result 

in the liquidôs surface tension.  In order to get an electrospray to form, the surface tension must 

be overcome by the presence of a strong electric field.  The applied voltage causes 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 phenomenon that was first observed by John Zeleny in the early 

1900s, but was first explained by Taylor (New Objective, 2004).  Many scientists had observed 

this phenomenon but were unable to explain it until Taylor in the late 1960s (Taylor, 1968).  

Taylor derived an expression for the cone angle just before the jet formation.  He assumed that 

the surface of the liquid was at the 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 

symmetry).  Using these two assumptions, Taylor derived an 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) 

ὠ= ὠ0 +  ὃὙ
1

2ὖ1
2
(ὧέί—)  

Equation 1 
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where ὠ0 is the applied voltage to the capillary, A is a constant, R is the distance from the center 

of the cone (distance from apex) , and ὖ1
2
(ὧέί—)  is a Legendre Polynomial of order ½.  Using 

the assumption that V = ὠ0 on the surface of the cone, the equation simplifies to 

ὖ1
2
ὧέί— =  0. 

Equation 2 

Solving for the angle yields a result of 130.7 degrees.  Therefore, the half-angle of all Taylor 

cones due to the balance of the electric field and 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 created between the 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 half-angle of the Taylor cone, the inner radius of the 

capillary, and the static permittivity of the liquid.  The static permittivity is a measure of a 

liquidôs ability to store electric potential energy.  In order to achieve an adequate electric field at 

the capillary, the following relationship must hold (Rohner et al, 2004): 

Ὁὅὃὖ=  
2ὠὅὃὖ

ὶὅὃὖln (4Ὠ
ὶὅὃὖ)

 

Equation 3 

 

ὠὅὃὖ is the voltage (applied to the capillary) required to create an electrospray, ὶὅὃὖ is the inner 

radius of the capillary, and Ὠ is the distance from the capillary to the extractor electrode.  The 

ὠὅὃὖ required to 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 
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parameters are set, the meniscus shapes into a Taylor cone up until the surface tension can no 

longer hold the liquid molecules together and the droplets break down through Rayleigh 

instability. 

 

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 certain distance (Copyright © 2006 by Cambridge 

University Press) 

 

 Throughout the formation of the Taylor cone, the liquid is accelerated towards the 

extractor electrode.  After the Taylor cone, the jet begins to travel towards the extractor 

electrode.  Through this time, the surface tension can hold the repulsive forces together and keep 

the shape of the stream.  However, throughout its transit from the capillary, through the cone and 

into the jet and subsequent droplets, the liquid begins to evaporate because of its volatility.  As 

the liquid in the droplets evaporates, the charge density can increase to the point where the 

repulsive electrostatic force from the charge overcomes the surface tension that is holding the 

liquid together. This limiting charge is known as the Rayleigh limit.  After the Rayleigh limit is 

reached, the droplets undergo ñfissionò where one droplet breaks into many droplets.  The 

following relationship holds for the Rayleigh limit (Grimm, 2006): 

ή= 8“ ‐‎ὶ3 

Equation 4 

where ‐ is the static permittivity of the liquid, ‎ is the surface tension of the liquid, and ὶ is the 

radius of the droplet.  Once the jet stream breaks up into many droplets, they begin to repel each 

other while still attracted to the extractor electrode.  The droplets tend to spread themselves out 
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symmetrically from the center axis.  This act of spreading out occurs to some degree anytime 

particles with same charge are influencing each other. 

 

Figure 3: Depiction representing droplet fission.  Once the Rayleigh limit is reached, the droplet 

begins to break down until it eventually reaches a stable state (Copyright © 2006 by Grimm). 

 

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.  Most of the research up until 

Taylor wrote his paper on water drops in electric fields in 1968 was visual or qualitative.  Since 

Taylorôs paper was published, research has been conducted on the uses of the electrospray 

concept as well as perfecting a design to make it efficient and useful in a variety of applications. 
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 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 charged particle 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 magnetic field, and 

the magnitude of the magnetic field.  By accurately measuring the velocity, magnitude of the 

magnetic field, and radius of the circle, the charge-to-mass ratio of the particle can be 

determined.  Mass spectrometry is important in fields such as liquid chromatography, nuclear 

physics, and organic chemistry. 

 

Figure 4: Diagram of a typical mass spectrometer.  The charged particle enters the magnetic 

field and continues in a circular path until it hits the detector on the wall (Copyright © 2008 by 
Addison Wesley Longman, Inc). 
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 Electrosprays can be used in mass spectrometry because of their ability to produce 

charged droplets which can carry molecules 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 aqueous solution, 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 coating such as 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 can be put 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.  
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Colloid thrusters accelerate an ionic liquid using electrospray and expel it 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 

electrode and donôt make it outside of the spacecraft.  Most colloid thrusters for spacecraft have 

been considered for attitude control based on a typical thrust of micro-Newtons per thruster, but 

some small spacecraft could potentially use them as primary thrusters.  As shown in Figure 5, 

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 out of the spacecraft.  Some power 

is also used to heat the propellant to keep it from freezing. There are two extractor electrodes in 

Figure 5 to accelerate the propellant in order 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 

ionic liquid 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. 



 12 

 

Figure 5: An example of a colloid thruster.  The electrospray is at the top which accelerates the 

ionic fluid towards the bottom (Copyright © 2007 by Busek Co. Inc). 

 

 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 efficient burning 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, Gañan-Calvo et al, 2006 

used a maximum mass flow rate on the order of 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 electrospray system to inject 

the required amount of fuel.  More research is necessary in the area of fuel injection because 
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surface tension, which plays a large role in the formation of the spray, is a function of 

temperature.  Because the fuel is injected into a burner at a high temperature, the jet stream 

deforms as shown in Figure 6.  Because a higher temperature means a lower surface tension, the 

droplets break down at a larger radius from Equation 4.  Therefore, the droplets break down 

further away from the capillary as shown in Figure 6. 

 

Figure 6: Ethanol electrospray phenomenology at elevated temperatures.  Although the stream 

still breaks down into 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 Cone (Copyright © 2002 by J Mass Spectrom.  Soc.  Jpn). 

 

2.2 Flow Focusing  

The process of creating an axisymmetrical stream by using a gas or liquid of higher 

pressure is called flow focusing.  Flow focusing produces a stream on a micron-scale and is also 

used to create individual droplets of a liquid as seen in Figure 7.  Initial work in flow focusing 

was done by Ganan-Calvo in 1997.  Flow focusing begins with a core liquid set up in a tube or 

capillary pointing towards an orifice.  The diameter of the orifice is smaller than the diameter of 

the capillary.  This creates a smaller stream diameter than the diameter of the capillary.  Outside 
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of the capillary is a liquid or gas that is of a higher pressure than the outside of the orifice.  This 

creates a flow of the fluid surrounding the core liquid jet, which can either be the pressurized gas 

or a liquid that surrounds the capillary and travel through the orifice with the core liquid 

(Davidson, 2005).  The non-core fluid creates a force on the core liquid guiding it through the 

orifice.  The non-core fluid encompasses the core liquid at all times from when it leaves the 

capillary until after the core liquid leaves the orifice.  The core liquid is never in contact with the 

orifice. (Flow Focusing Inc 2009).  In a system when the non-core substance is a gas, the core 

liquid does not clog at the orifice which helps keep a steady stream (Anna 2003).   

Flow focusing is mainly used to create a finer, or smaller, and more uniform droplet size 

when the surrounding substance is gas.  After exiting the orifice the core liquid jet breaks into 

droplets.  The droplets can be larger than the orifice outside of the orifice because the non-core 

substance surrounding the liquid is allowed to expand outside of the orifice. In flow focusing the 

only location where droplets should form is once the core liquid passes through the orifice.  Flow 

focusing at a smaller scale will produce nearly-uniform droplets, hundreds of microns in 

diameter, at a nearly-constant rate (Anna 2003).  As seen in Figure 7, the stream of core liquid is 

compressed to a size smaller than the capillary then begins to break into droplets. The diameter 

of the jet in Figure 7 is a couple hundred of microns in dimension. 

 

Figure 7: An example of flow focusing. (Copyright © 2006 by Cambridge University Press) 
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Another way to configure the flow focusing apparatus is to make the core substance a gas 

and the non-core substance a liquid.   Instead of creating droplets, as in the case where the non-

core substance is a gas, bubbles are formed in the liquid.  These have the same properties as 

above such as uniform diameters; however, since the core gas is surrounded by a liquid, bubbles 

are formed instead of a droplet (Ward, 2005).   

An axisymmetrical stream is the result of flow focusing, but the controlling diameter of 

the stream is a major motivation in the use of flow focusing.  A factor, in determining the stream 

and droplet diameters, as mentioned earlier, is the size of the orifice.  Since the non-core 

substance is guiding the core liquid through the orifice the core liquid must have a smaller 

diameter than the orifice.  The orifice diameters can range in size from slightly larger, to several 

times the diameter of the core liquid stream. A change of the substances, in the non-core fluid 

and core liquid in this case would determine how much smaller the diameter of the stream is in 

contrast to the diameter of the orifice (Flow Focusing Inc.). 

Other parameters that can determine the diameter of the stream are the flow rates of the 

non-core fluid and the core liquid.  Previous experiments have shown a change in droplet size if 

there is a change in the flow rate of the core liquid while keeping the flow rate of the non-core 

fluid constant.  In an experiment done at Harvard University (Ward, 2005), the increase of the 

core liquid flow rate increased the diameter of the droplets.  This study also shows that the lower 

the flow rate of the core liquid the smaller the diameter of the formed droplets.  The flow rate 

does have to be large enough though for the flow focusing to happen; at a very low flow rate, 

almost zero, a steady stream is not formed.   
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Flow focusing with the ability to create micron-sized, uniform droplets, may have many 

different uses.  The stream created is of nearly-uniform diameter, allowing a fluid to be metered 

into small increments.  The fluid can then be equally distributed due 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 studies.  In 

the manufacturing of chemical compounds, a precise measurement of all substances involved is 

needed in order to obtain optimum results.  The ability create a uniform droplet size allows the 

manufacturer to know exactly how much of one substance they are using. Since flow focusing 

allows for formation of a jet stream with a diameter of a couple hundred microns, small 

increments of a fluid can be measured allowing manufacturers the ability to have more precise 

measurements.  If the experiment entails studying the effect of a certain substance on another, 

fixing the amount would give results with better precision.  This creates less error than previous 

methods of measuring substances added to a system or chemical compound (Ward, 2005).  These 

are just some of the ways flow focusing is starting to be used in industrial applications.   

2.3 Previous Work  

A study combining flow focusing and electrospray was written in 2006 by Alfonso 

Ganán-Calvo, José López-Herrera, and Pascual Riesco-Chueca.  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 range.  Ganán-Calvo studied the cases in which: 

ñfree charges migrate to the liquid-gas interface and form a quasi-equilibrium 

layer whenever the electric relaxation time Ůi/K is sufficiently shorter than any 

other characteristic hydrodynamic time, Ůi  and K being the electrical permittivity 

and conductivity of the liquid.ò 



 17 

 

Figure 8: Three devices used in the Gañán-Calvo study (Copyright © 2006 by Cambridge 

University Press) 

 

 This study involved placing a charge on the capillary before it enters the flow focusing 

chamber.  The electric current carried by the droplets was collected on an implication plate in 

order to measure the "electrical discharges through the gas, between the issuing liquid jet and the 

orifice" (Ganán-Calvo, 2006).  The three flow focusing apparatuses used had various geometries.  

Figure 1A depicts the device containing 1 orifice with an exit diameter 50 ɛm.  Figure 1B depicts 

the same device with an exit diameter of 200 ɛm.  Figure 1C depicts a device containing 55 

orifices each with an exit diameter of 200 ɛm.  They not only experimented with the geometry of 

the devices used, but also investigated the sensitivity to such properties as density, viscosity, 

surface tension, and electrical conductivity of the core liquids.  These properties were analyzed 

when several input parameters including the liquid flow rate, gas pressure drop through the 

orifice, and capillary to orifice voltage drop were altered. 

The results of this experiment show that the differences in input parameters strongly 

affect not only the droplet size, but also stability of the flow.  A high input flow rate negates the 

effectiveness of electrification on reducing droplet size. A 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 decreases.   With a combination of applied voltage and 

gas pressure, "a significantly enhanced spraying stability ensues with a much wider operation 

range than flow focusing or electrosprayò (Ganán-Calvo, 2006).  The study also revealed that the 

spray tends to ñdeviate from the symmetry of the axisò (Ganán-Calvo, 2006) as the applied 

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 functions of the 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 final relationship between the jet diameter, droplet size, and other 

parameters begins with the simplified Navier-Stokes equation for the fluid in the capillary and 

the Euler (inviscid) equation for the gas under the assumption that the gas is incompressible 

(Ganan-Calvo et al, 2006): 

ɇɳ○■= 0;       ”ὰ○■ɇɳ○■=  ὴɳὰ+  ɇɳⱲᴂ; 

Equation 5 

ɇɳ○▌= 0;       ”Ὣ
(○▌ɇ○▌)2

2
+  ὴὫ=  ὴὫ0  

Equation 6 

Where ○■ and ○▌are the velocity vectors of the liquid and gas, ”ὰ and ”Ὣ are the densities of the 

liquid and gas, ὴὰ and ὴὫ are the dynamic pressures of the liquid and gas, ὴὫ0 is the gas 

stagnation pressure, and †ᴂ=  ‘[ ɇɳ○■+  ɇɳ○■
╣]  is the viscous stress tensor for 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 one-dimensional 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 low-viscosity fluid, the Reynolds number for this particular experiment was 

high.  Therefore, the viscous terms from the Navier-Stokes equation are neglected.  Finally, 

because testing is not operating at a peak voltage near the electrospray limit, the theory assumes 

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

following relationships hold for the mean droplet size (Ganan-Calvo et al, 2006): 

‌=  
Ὅὠ

ὗЎὖὫ
 

Equation 7 

Ὠ0 =  
„

ЎὖὫ 1 + ‌
;      

Equation 8 
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”1 + ‌3 ЎὖὫ
3]1/ 2 

Equation 9 

ὨὙὩὪὪ= 1.8 Ὠz0 (z
ὗ

ὗ0

)1/ 2 

Equation 10 

Where IV is the electrical power supplied to the capillary, Q is the volumetric flow rate, ” is the 

density of the liquid, „ is the surface tension, and ὨὙὩὪὪ is the mean droplet size for the system.  

Ὠ0,ὗ0,and ‌ are reference variables defined to simplify the resulting expressions.  ‌ is a 
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dimensionless number whose value approaches infinity for a pure electrospray and 0 for pure 

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

monodisperse (as opposed to polydisperse), so ὨὮḙ 
ὨὙ

1.89
 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 polydisperse jet. 
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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 flow system (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 a workbench, 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 during A-term, building 

and fabricating the design in B-term, and testing the apparatus in C-term. 

 

Figure 9: Experimental Setup 
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The results of this project include imaging of the stream as it exits the capillary for 

different values of the pressure of the surrounding gas, the mass flow rate through the capillary, 

and the distance from the tip of the capillary to the orifice.  Figure 9 depicts the test set up which 

consisted of the Jet Source Enclosure and Flow Delivery System.  Air enters the reservoir of the 

Flow Delivery System forcing the test liquid through a series of capillaries, filters, etc. until it 

reaches the Jet Source Enclosure at the desired mass flow rate.  The test apparatus (known as the 

jet source enclosure) which produces the jet has three different feedthroughs. One of the 

feedthroughs on the side is connected to a container of pressurized air to create a pressure 

gradient between the inside of the jet source enclosure and the atmosphere. The feedthrough on 

the opposite side is connected to a pressure transducer which measures the pressure inside the jet 

source enclosure. A bulkhead union (Swagelok part number SS-400-61), was used on both sides 

of the jet source enclosure to connect the pressurized air and pressure transducer.  The 

feedthrough in the back allows the capillary, which is connected to the flow delivery system, to 

enter the jet source enclosure through a pressure-tight seal. The capillary was fed through an 

Upchurch Scientific U-440 bulkhead union, which was connected to the box, to hold the 

capillary in position and create an airtight seal at that 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 in Figure 9) 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 shell with the outside dimensions 

four inches wide by four inches long.  The shell had a height of 1.5 inches and a wall thickness 

of 0.5 inches.  Cut from 1 piece of block metal, the apparatus would have a 0.25 inch shelf 

machined 0.25 inches deep into the top and bottom.  A 3.5 square inch piece of clear material 

with a thickness of 0.25 inches would rest on this shelf creating a window for viewing the 

experiment.  The clear material would be secured to the shell with 6 screws drilled through the 

clear material and into the shelf.   The shell also would have 1 hole machined into each side.  

These holes would incorporate the gas, electrical, and capillary inputs as well as the orifice.  

The final apparatus needed to fulfill five design requirements in order to effectively 

produce and facilitate characterization of the jet characteristics.  These five requirements 

consisted of airtight seals for adjustable pressurization, an adjustable capillary position, an 
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adjustable orifice size, ability to view and take images of the jet stream, keeping the position of 

the camera in mind, and an adjustable voltage on the capillary. 

The final design required an air tight seal so that the pressurized gas within the box would 

only escape through the machined orifice.  The initial design involved 6 screws 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 position. The positioning of the capillary needed to be 

adjustable to micron-level precision, so the team considered purchasing  a micrometer to be 

attached  to the capillary outside of the enclosure.  This would allow an operator to adjust the 

distance between the capillary and the electrodes. 

In order to investigate how the diameter and thickness 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 a 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 shock.  The wire used 

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

 

Figure 11a:  Assembled Final Design  

 
 

Figure 11b: Exploded view  

 

The design of jet source enclosure was driven by a couple of different parameters.  This 

projectôs goal was to create a microjet; therefore, the overall structure did not need to be very 

large.  The structure at its largest dimension is four inches.  The relatively small size of the 

structure results in a low cost of manufacturing since little material would be needed.  The 

structure was machined from aluminum with a couple of the parts formed from Plexiglas to 

allow visibility.  The structure is also manufactured in parts to make machining easier.   All of 
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the parts were machined from plate aluminum, instead of the initial designôs block aluminum 

stock.   This not only minimizes waste but also promotes easier machining of the inner grooves 

of the device, as seen in Figure 12: Side of the inner box, Figure 13, Figure 14, and Figure 15: 

Top and bottom of inner box. Another requirement for the enclosure design was that it be 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.  The enclosure 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 safety.  Where the capillary enters the 

structure it has a potential applied to it and therefore requires that no aluminum or conductive 

materials directly contact it to keep the structure grounded.  This forced all the parts touching the 

capillary to be plastic. 

As the capillary enters the structure it has a potential 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 the sides are a length of three and half inches and height of 1.5 inches and 

a thickness of 1/8 inch. The four corners of the side are chamfered by three sixteenths of an inch.  

This produced a pocket for the metal bead, which would be created during welding of 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 gas feedthrough used to introduce pressurized gas for the flow 

focusing, while the hole on the other side accommodates a second bulkhead gas feedthrough 

used to connect a pressure transducer.   The pressure transducer allows the internal pressure of 

the structure to be measured.  The last feature of the side section is the 1/8ò x 1/8ò groove which 

serves as a track for a piece of Plexiglas with a capillary alignment hole to be inserted if the 

capillary needs extra support close to the orifice cap.  

3.2.2 Back  

 

Figure 13: Back of the inner box 

The back of the structure has two distinct features that define its design.  The dimensions 

of the back piece are 1.5 inches tall by 2 inches wide and a 1/4 inch thick.  The most important 
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purpose of the back wall is that it supports the feedthrough for the capillary into the enclosure.  

The hole in the middle of this part is a 10-32 clearance hole.  The Upchurch Scientific U-440 

bulkhead union (figure 19), which is used to feed the capillary into the enclosure can fit in this 

hole. The feed though can be loosened around the capillary, for adjustments to its position 

relative to the extractor orifice, or tightened to secure it and provide a leak-tight fitting.  The 

thickness of the back plate is only a quarter inch allowing the U-440 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 ground smooth. 

3.2.3 Front  

  

Figure 14: Front and rear of inner box 

 

The front part of the structure was designed with a few features.  The dimensions of the 

part are two inches by one and a half inches and three eighths of an inch thick.  The 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 larger than the exit orifice, while the orifice cap is designed 

with a smaller hole which defines the exit diameter.  This design allows for the orifice cap to be 
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interchanged, to test the effects of different orifice diameters on the jet diameter.  On the back of 

this part there are three screw holes to secure the orifice cap in place.   Thereôs also a 1/16 inch 

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 the Plexiglas and these top and bottom pieces).  This piece is welded to the 

inner box and designed to fulfill several functions.   The dimensions of this part are 4 inches by 

3.5 inches and 3/8 of an inch thick, with an inner rectangle of two inches by two and three 

quarter inches cut out.   This part will create an overhang on the inner box (see Figure 11b), 

allowing the top and bottom lids to be connected by bolts.  Also, there are two 1/8 inch by 1/8 

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 4mm O-ring and is designed to create a seal between the 

welded part of the structure and the Plexiglas. The dimensions of the O-ring were deteremined 
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using the company EPMôs website (http://www.epm.com/) for O-ring sizing, to determine the 

groove size correlation to an orderable O-ring 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 dimensions of 3.5 inches by 3 inches and are an 1/8 inch 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 the o-ring to create the gas-tight seal for the 

enclosure.   

3.2.6 Lid  

 

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 and an inner dimension of a rectangle of 
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three inches by three inches and is a three sixteenth of an inch thick.  The main role of this 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 the structure 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 testing of 

different orifice sizes.  The cap consists of a thin disc surrounded by a .15 inch thick ridge.  The 

ridge has an internal radius of 0.4 inches and an external diameter of 1.2 inches.  The ridge 

contains three machined 3-48 clearance holes evenly distributed 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 three #3-48 screws to secure it to the shell. The important features of the 

orifice plate are the orifice hole diameter and its length, the thickness of the disk at the center. 

Our design for 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. 



 32 

3.2.8 Feet Connector  

 

Figure 18: left Feet connector, right  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 are a width of 2 inches by a length of 4 inches, an inner rectangle of 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 them to connect the feet to this part. The 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 the enclosure and its components to a small 

microscope stand to prevent vibrations during imaging. The feet were designed in order to 

stabilize the box during operation. Because of the high magnification needed to resolve jet 

dimensions measured in the tens of microns, 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.  The 

base of each foot has dimensions of 1 inch by 0.5 inch with a height of 1/4 of an inch.  A column 

of one half cubic inches extends from the base with a #10-32 threaded hole through it.   The 

holes that attach the feet to the work bench span a distance of 2.5 inches from center point to 

center point. These 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 electro-flow focusing system, the design accommodated 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 pressure-tight seal throughout the entire jet source enclosure. 

3.3.1 Pressure Inputs  

 

Figure 20: Swagelok Bulkhead Union (Copyright © 2008 by Swagelok Company).  
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Two bulkhead unions were selected, (Swagelok part number SS-400-61), 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 nuts in the middle tighten on 

opposite sides of the wall to produce a pressure-tight seal.  The purpose of a hole on one side of 

the box is to supply pressurized air to the jet source enclosure (as shown in Figure 9).  On the 

other side, the second bulkhead union connects to a pressure transducer (Omega Engineering, 

Model DP25B-E, 9.5W).   

3.3.2 Capillary Input  

 

Figure 21: Nano-tight kit from Upchuch Scientific (Copyright © 2008 by IDEX 

Corporation) 

 

In order to create a pressure-tight seal around the back of the wall, where the capillary is 

inserted, a nano-tight kit from Upchurch Scientific (Part #1240) was selected.  This nano-tight kit 

includes a Teflon sleeve, a bulkhead union, a PEEK screw, and a small ferrule.  The team used a 

stainless-steel capillary from Upchurch Scientific which has an outside diameter of 0.0625ò 

(1.588 mm), an inner diameter of 0.02ò (0.508 mm), and a length of 8ò.  A Teflon sleeve 

surrounds the outside of the capillary, where it enters through the back of the box.  The capillary 

enters the box via a U-440 bulkhead union (see Figure 22) 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, a special polymer, was inserted into the bulkhead 

union.  A small ferrule, or conical piece with a central hole in it, surrounds the capillary in 
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between the PEEK screw and the bulkhead union.  The portion of the capillary encased in the 

sleeve is inserted through the PEEK screw and the bulkhead union.  As the PEEK screw tightens, 

the ferrule is squeezed by the PEEK screw which creates a pressure-tight seal.  In order to move 

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

before tightening the screw again. 

 

Figure 22: The U-440 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, custom O-rings were 

ordered.  The O-ring grooves, machined on both the top and bottom of the box, are not circular, 

these grooves have a tight curvature on the corners but straight everywhere else.  These O-rings 

have in inside diameter of 85mm with a cross-section of 4mm in order to accommodate the 

special groove geometry. The O-ring grooves were determined to allow the O-rings to expand 

horizontally more than vertically. For example the horizontal distance of the O-ring groove for a 


