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Abstract


The United States Air Force is looking for a device to allow them to test the initiation criteria for an idealized fuel spray from a Fuel Air Explosive.  In order to accomplish this several goals had to be reached.  A design which allows maximum flexibility, sturdiness, and repeatability must be obtained in order for experimentation to be successful.  Several designs were developed during the concept generation stage, with the design team choosing what was felt as the best design.  This design is to use inert gas to pressurize the fuel, an electrically driven valve for volume control, and a set of commercially available nozzles to meet the spray criteria.  A housing of aluminum plate will protect the pressurization and control subsystems while an expendable clear plastic spray shield will be held in place by steel square tubing.  A design was built that met the design requirements, although some of the key systems failed to be purchased due to complications in the FAMU purchasing department.  Spray characterization schemes will be provided with the design, with future work possibly being done at the university as well as at Eglin AFB.  
Introduction and Project Scope
In an effort to reduce American casualties in warfare the United States Air Force is researching the effectiveness of disposable unmanned aerial vehicles to replace manned attack aircraft.  One design concept requires that the vehicle crash into an enemy position once it has expended its main payload.  With the current design the vehicle explodes on contact with the enemy position in a manner similar to most bombs.  The Munitions Directorate is looking to maximize the damage done to the enemy and as such is experimenting with differing ways to detonate the vehicle’s remaining on board fuel supply.  One way to do this is to treat the vehicle as a Fuel Air Explosive (FAE) which will provide incendiary damage as well as volumetric damage due to the high overpressures cause by the explosion.  
The Munitions Directorate needs a device that will help them study the initiation criteria and thresholds in fuel air mixtures of the type that are present in an FAE.  In order to carry out this research the device must be able to create and simulate an explosively dispersed fuel cloud through non-explosive means.  Since the device will be used to study initiation requirements it must create a cloud that is idealized, yet still is representative of an explosively dispersed cloud.  

Two key variables in the cloud must be adjustable in order to carry out the research.  First, the mean droplet diameter must be adjustable from 500 μm to 5000 μm.  Second, the fuel to air ratio, also called the equivalence ratio, must be adjustable from .8 to 1.2.  The equivalence ratio refers to the actual amount of fuel divided by the stoichiometrically required amount of fuel for perfect combustion.  Thus, the fuel to air ratio must be variable to between 20% fuel lean to 20% fuel rich.  
Characterization of the resultant fuel-air cloud must be done in order to carry out the required research.  Methods for this characterization must be provided to the Air Force.  While the implementation of these methods may not be done by the students, the design must allow for their use.  
The final design must incorporate components that protect the environment.  The environment must be protected from the fuel contamination in the case that the cloud does not ignite during a test.  Also, the system must be designed with the safety of the researchers in mind.  Components must have built in safety factors with the design constraints being delivered to the Air Force at the end of the project.  All applicable rules and regulations defining the use, storage, and handling of the fuel must be met.  Remote operation and appropriate safety devices must be present in the design in order to reduce the risk of injury.
Differing explosive initiations will be tested by the Munitions Directorate.  As such, the device must be able to allow for maximum structural flexibility so that differing locations for the initiation may be tried.  The final design may be built by the students, although it is not required by the Munitions Directorate, with final characterization and testing being performed by the Air Force.  
Background Information

Fuel Air Explosive Devices


 Fuel Air Explosives have been actively used by the United States military since the mid 1960’s.  The most famous example is the Vietnam era BLU-82 “Daisy Cutter”.  In Vietnam the BLU-82 was used to clear patches of jungle for use as helicopter landing pads.  Modern FAEs are smaller, more accurate weapons designed to inflict the maximum damage to the target.  In particular the Marine Corps’ CBU-72 is a cluster-type bomb containing three 25lb FAE sub-munitions designed for use against “soft targets” such as aircraft, minefields, and personnel.  BLU-96 and BLU-97 FAEs are used by the US Navy and Marine Corps to clear maritime mines.


In order to understand how to perfect an FAE, one must understand how one works.  In general, an FAE uses three main components in its attack.  At the central axis of the bomb is a bursting charge, whose sole job is to break open the fuel container and disperse its fuel.  The fuel used varies from application to application, but for the purposes of this design the Air Force has decided to us JP-10 rocket fuel.  When the bursting charge explodes it throws the fuel out into a distinctive “pancake” shaped cloud of mixed fuel and air which is exploded by a larger, secondary explosive charge.  This ignition is what causes the damage to the target.

Of key importance to effectiveness of an FAE are the characteristics of the fuel-air cloud.  The cloud is ideally detonated when it has reached a diameter large enough to contain the perfect stoichiometric ratio for complete combustion of the fuel.  Once at this ideal ratio the secondary explosive ignites the fuel-air mixture through the combined effects of shockwave induced pressure waves and the heat of the rapidly moving flame front.  If, for example, the stoichiometric ratio is not correct, or the secondary explosion is not powerful enough the FAE will not provide the desired results.
JP-10 Information


The Air Force has designated JP-10 jet or rocket fuel as the test fluid for the fuel injection device.  Due to its nature as a single compound fuel it is often used in combustion studies and is readily available to the Air Force.  The main molecule making up JP-10 is exo-tetrahydrodicyclopentadiene which is also known by its IUPAC name, tricyclo[5.2.1.02,6]decane, or C10H16.  
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Tricyclodecane Molecular Structure                            3-D Model of the Main JP-10 Molecule

Temperatures and corresponding densities were taken from 5°C (278 K) to 70°C (343 K) with the density showing the trend of linearly decreasing with added temperature.  The change in density due to change in temperature of JP-10 is illustrated in the below graph.  
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Two other key properties are JP-10’s absolute (also known as dynamic) and kinematic viscosities.  Both viscosities were measured for temperatures ranging from 10°C (283 K) to 100°C (373 K) with the results graphed below.
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For basis calculations, such as flow rate, the room temperature numbers have been used.  This means that the number 940 kg/m3 was used for density, 2.767 mPa*s was used for the absolute viscosity, and 2.969 mm2/s was used for the kinematic viscosity.  
Chemistry and Combustion Background


The term combustion refers to a chemical reaction which very quickly converts stored chemical energy into usable energy.  This usable energy can be seen most directly in the kinetic and heat energies created during combustion.  Chemically, a fuel, in this case a hydrocarbon, reacts with an oxidizer thus creating heat and light in the form of a flame.  

All chemical reactions take a series of reactants which undergo the chemical reaction which forms the outputs or products.  In the case of JP-10 combustion the reactants are JP-10 (C10H16) and air, which is a mix of many molecules, dominated by Nitrogen (N) and balanced Oxygen (O2).  It is assumed that complete combustion occurs where all of the reactants go through the reaction creating Carbon Dioxide (CO2), Dihydrogen Monoxide (H2O), and spare Nitrogen (N).  Since JP-10 does not have Nitrogen atoms it can be ignored when balancing the chemical equation.  
One key requirement from the Air Force is that the fuel to air ratio (also known as the stoichiometric ratio) be adjustable from .8 to 1.2.  For a stoichiometric ratio of 1, there must be exactly enough of both sets of reactants for both sides of the chemical equations to equate perfectly.  For a ratio of .8 there must only be 80% of the perfect amount of fuel, and for a ratio of 1.2 there must be 20% too much fuel.  Thus the design must be able to provide a range of ratios from 20% fuel lean to 20% fuel rich.  
One of the most important steps in the design deals with determining how much fuel is required to meet the stoichiometric demands of a given air cell.  For the purposes of this design a set air volume of 1m x 1m x 2m, or 2m3 will be used.  The balanced chemical equation comes out to:

C10H16 + 14O2 + 52.64N2 → 10CO2 + 8H2O + 52.64N2
This, in turn relates to one mole of JP-10 requiring 66.64 moles of air.  At a pressure of 100 kPa and a temperature of 25°C the stoichiometric weight ratio requires .070497 kilograms of fuel per kilogram of air.  For the 2m3 test cell at the aforementioned temperature and pressure the required volume of JP-10 for a stoichiometric ratio of 1 is 175mL.  The following graph depicts the amount of JP-10 required per equivalence ratio in the required range of .8 (140mL) to 1.2 (210mL).
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Spray Dynamics 


When a liquid is pressurized and injected into a gaseous environment it will eventually break up into individual droplets.  While it is difficult to determine mathematically when this will happen, the general theories of why a spray will break up are well known.  Further complicating matters, the droplets formed are nearly impossible to predict without gathering experimental data from the spray itself under exacting conditions.  

The breakup mechanism of a spray is generally broken up into six steps: the stretching of fuel into sheets, the appearance of ripples and defects, the formation of ligaments or holes in the sheet, the collapse of the ligaments or holes, the breakup due to droplet vibration, and shedding from large droplets.  It was Rayleigh who first determined these stages as well as the important fact that breakup begins (for most simple nozzles) at a distance of 4.6*dj, where dj is the diameter of the spray jet.  

[image: image6.png]Sheet Ligament Drop





Depiction of Spray Breakup

Droplet sizes are related with three main measurements: the Volume Median Diameter (VMD), the Sauter Mean Diameter (SMD), and the Number Mean Diameter (NMD).  The VMD (also known as the Dv0.5) is determined when 50% of the droplets are over and 50% are under the mean droplet volume.  In order to find the Sauter Mean Diameter (or D32) one must divide the total volume of all droplets by the total surface area of all droplets.  The droplet diameter size that has this same ratio is listed as the mean diameter.  Finally, the Number Mean Diameter (or DNo.5) is the same as the VMD, but the mean droplet size is quoted as the number of total droplets in the spray, assuming equal sizing throughout.  

While it is difficult to determine the exact droplet size for a nozzle system qualitatively there are several key variables which if changed will have effects that can be generalized.  First and most important, if the pressure of the fluid is raised the resulting velocity of the spray will be increased, causing further and faster breakup.  This advanced breakup regime will result in more numerous, small droplets.  The flow rate, viscosity, liquid surface tension, and temperature also can change the mean droplet sizes, but have a vastly smaller effect per change in each.  A generalized description of these effects can be found in the below table.
	
	Effect on droplet size if:

	Variable
	Increased
	Decreased

	Pressure
	↓
	↑

	Flow Rate
	↑
	↓

	Viscosity
	↑
	↓

	Surface Tension
	↑
	↓

	Fluid Temperature
	↓
	↑


Safety and Environmental Issues
The fuel that will be used to make the fuel-air explosive in the fuel injection system will be JP-10, also known as tetrahydrodicyclopentadiene.  Because of this, precautions must be taken to ensure that the fuel does not affect the handlers or the surrounding environment.  Per the sponsor for this project, the safety and handling issues are based on the OSHA (Occupational Safety and Health Administration) guidelines.  

Because JP-10 is a fairly new fuel, there has not been much data collected for it; therefore, the safety guidelines for JP-8 will be considered.  JP-8 has several potential symptoms that the handler(s) might face if they come in contact with the fuel.  These symptoms are as follows:

· Skin irritation (itching, burning, rash, redness)

· Dermatitis

· Headache, fatigue, anorexia

· Dizziness, difficulty concentrating

· Poor coordination

· Vomiting, diarrhea, cramps

· Drowsiness, restlessness

· Irritability

· Loss of consciousness

· Death

· Pneumonitis

The organs that are affected by JP-8 are the skin, the central nervous system, and the respiratory system.


OSHA also provides guidelines for primary sampling for the JP-10.  The recommended media for the fuel is charcoal tubing (100/50 mg sections, 20/40 mesh).  The analytical solvent for the JP-10 is Carbon Disulfide and the alternative solvent is Carbon Disulfide/Dimethylformamide.  The maximum volume of the JP-10 should be 3 liters with a maximum flow rate of 0.2 liters/minute.  The current analytical method for JP-10 is gas chromatography.


The regulations and standards for explosives and blasting agents are also given by the OSHA website.  Because it will be used as a fuel-air explosive, JP-10 can fall under this category.  This “” provides guidelines for storage, handling, and transportation of the explosives and blasting agents.


The general hazard warning for all explosives and blasting agents states, “No person shall store, handle, or transport explosives or blasting agents when such storage, handling, and transportation of explosives or blasting agents constitutes an undue hazard to life.”  


The first major subject involving safety of the explosives is their storage.  The first provision of this section states that all classes of explosives should be stored in a magazine that meets all requirements.  The second provision states, “Blasting caps, electric blasting caps, detonating primers, and primed cartridges shall not be stored in the same magazine with other explosives.”  The next provision says that the ground around the magazine shall be sloped for drainage and the surrounding land should be kept clear of brush, dried grass, leaves, and other materials for at least 25 feet.


The next pertinent subject is the storage within the magazines where the jet fuel will be housed.  One provision that is important for the project states, “Magazine floors shall be regularly swept, kept clean, dry, free of grit, paper, empty used packages, and rubbish. Brooms and other cleaning utensils shall not have any spark-producing metal parts. Sweepings from floors of magazines shall be properly disposed of. Magazine floors stained with nitroglycerin shall be cleaned according to instructions by the manufacturer.”  Another important provision set by OSHA is that all explosives be removed from the magazines where they are stored in the case of repairs to the magazines.  An additional provision that will be very important to this project is in regards to misfires; it states, “Explosives recovered from blasting misfires shall be placed in a separate magazine until competent personnel has determined from the manufacturer the method of disposal. Caps recovered from blasting misfires shall not be reused.  Such explosives and caps shall then be disposed of in the manner recommended by the manufacturer.”


There are several general provisions for transporting the jet fuel that are applicable to this project.  One of them discloses that no employee is allowed to smoke, carry matches or any other flame producing device, or carry firearms or loaded cartridges while in or near an automobile transporting explosives; they also cannot drive, load, or unload such a vehicle in a careless or reckless manner.  Furthermore, the fuel cannot be transferred from one vehicle to another one within the confines of any city, county, state, or other area without the fire and police departments’ prior notification.  The vehicle transporting the fuel should have two fire extinguishers located under the driver’s seat, each with a rating of at least 10-BC.  These extinguishers shall be filled and ready for use and checked periodically by a competent person.


The next pertinent set of provisions given by OSHA is for the usage of the explosives and blasting agents.  The first general provision states that smoking near the explosives shall not be permitted and that no one may posses matches or anything producing an open flame near the explosives; it also says that no one under the influence of alcohol, narcotics, or any other dangerous drugs may be allowed to handle the explosives.  The next important provision provided in this section states, “Person authorized to prepare explosive charges or conduct blasting operations shall use every reasonable precaution, including but not limited to warning signals, flags, barricades, or woven tire mats to insure the safety of the general public and workmen.”  Another provision says that the blasting operations shall be conducted during daylight hours.  A further precaution says, “Whenever blasting is being conducted in the vicinity of gas, electric, water, fire alarm, telephone, telegraph, and steam utilities, the blaster shall notify the appropriate representatives of such utilities at least 24 hours in advance of blasting, specifying the location and intended time of such blasting.  Verbal notice shall be confirmed with written notice.”


The “Warning Required” provision set by OSHA says that prior to the blast, the employer should require that the person in charge of the blast give a loud warning and make sure that surplus explosives are placed safely, all people and vehicles are at a safe distance away from the blast area, and that an adequate warning is given.


When dealing with blasting agents, some additional provisions are required.  The building used for the blasting agents should be made of concrete or of other nonabsorbent materials and the building should be well ventilated.  
Concept Generation 

Piezoelectric Nozzles

Piezoelectric technology used in nozzles is the ability of a piezoceramic or crystal element to change shape and be stressed when voltage is applied to it. The deformation of the crystal and the applied electric voltage are proportional. As the crystal changes shape, it squeezes fuel out of the nozzle. One advantage of such a nozzle is the ability to control the droplet size, but this benefit means decrease in fuel flow rate, and decrease in volume of total droplets occupied per unit time; adding a square or rectangular array of Piezoelectric oscillated nozzles, which has United States patent number 4,533,082 will improve the volumetric flow rate. The abstract of the above patent describes a Piezoelectric oscillated nozzle as “An arrangement for discharging liquid droplets comprises a housing including a chamber for holding liquid therein having an intake port connected to a liquid supply container, a vibrating member secured to the housing in pressure transmitting relation with the liquid in the chamber. The vibrating member is formed with at least one nozzle opening therein through which the liquid is discharged forwardly of the housing. A piezoelectric transducer is secured to the vibrating member for inducing a rearward displacement therein to discharge a small quantity of liquid through the nozzle opening.” 
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It is important to mention that this kind of nozzle will only be used for experimental studies due it being readily available, producing desired droplet size easily, and being cheaper than a suitable orifice nozzle for the experiment. In addition, piezoelectric nozzles do not have the ability to withstand very high temperatures and pressures, so an additional heat protection layer will need to be added to the design of the nozzle holders. Moreover, means of atomization of the fuel can be obtained by using U.S. patent number 3,738,574, which is an invention of an apparatus for atomizing liquids concerned piezoelectric oscillating system for effecting atomization. The title of the patent is “Apparatus for atomizing fluids with a piezoelectrically simulated oscillator system.” The abstract for this patent describes it as “Apparatus for atomizing liquids having a piezoelectric oscillator system which includes an AC voltage stimulated piezoelectric transducer mechanically coupled to a vibrator plate for inducing bending vibrations therein, a fluid tank and a pump for delivering fluid to the vibrating plate which is disposed at an oblique angle with respect to the force of gravity above the tank, a wick extending from the tank with one end thereof in proximity to the lower edge of the vibrating plate to aid in diverting excess liquid from the plate, and means for controlling operation of the fluid delivery system for deactivating the same during periods when the oscillator system is inactive.”
Spray Nozzles
A nozzle is a mechanical device that is designed to control fluid flow characteristics as fluid, either liquid or gas, exits from an enclosed chamber into a chosen medium.  Nozzles are relatively simple in design, usually a pipe or tube that varies in its cross-sectional area from one end to another.  Nozzles are used to control different characteristics of fluid flow such as rate of flow, direction, speed, mass, etc.  Nozzles also have the ability to control exit droplet size and fluid spray pattern, which are the pertinent characteristics in this project.
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Different Types of Nozzles


Nozzles can vary in shape and size, depending on their particular function.  A convergent nozzle narrows down from a wide diameter to a smaller one in the direction of the fluid flow.  A convergent-divergent (CD) nozzle is a normal convergent nozzle attached to a divergent nozzle, which expands from a small diameter to a large one.  Convergent nozzles increase the speed of the fluid while divergent nozzles decrease the speed; therefore, CD nozzles accelerate fluids that choke in the convergent section to supersonic speeds, which is more efficient than the convergent nozzles alone.


There are few advantages and disadvantages to using nozzles in the final design of the fuel injection system.  One advantage of using nozzles is that the nozzle concept is one that is well-studied and can be predictable and reliable.  This would be beneficial to the project because the results will be consistent.  Another advantage of using nozzles in the final design is the availability of the parts; various nozzles are very easy to find and procure.  One disadvantage of the nozzle concept is that it is more complex relative to the V-Channel concept because of the design and parts associated with the nozzle.  Another disadvantage is the high pressure lines associated with nozzles.
Hydraulically Pressurized Design


One method that can be used to pressurize the system is to use a fluid pump setup.  This setup requires that a fluid (or hydraulic) pump acts on the fluid, bringing it to the required pressure for the spray.  The pump would draw the fluid from a sealed closed reservoir.  An advantage of this is that if the system were to be manually stopped the unspent pressurized fuel can be rerouted into the reservoir.  In order to carry out this design there needs to be an automatic or manual safety check valve that can be used if an overpressure situation occurs.  As detailed earlier the expended fluid would be recycled to the reservoir.  Once past the check valves a fluid accumulator which is a pressurized chamber out of line of the main pipe which has a rubber bladder that is pressurized to the same pressure of the spray system.  This accumulator serves the purpose of reducing the shock to the fluid system when the valve opens and quickly closes.  Also, the accumulator keeps the pressure in the fluid system from dropping enough to throw off the spray results during the valve opening.  
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Sketch of Possible Hydraulic System

Controllability is a key advantage of the hydraulic system.  The pressure and flow rate outputs of the pump can be easily controlled through the pump’s voltage and current usage, while the relief valves can also be easily controlled through electronic circuits.  On the other hand, the many subsystems of the hydraulic system means that it is quite complex which may lead to a lack of repeatability or reliability.  Also, the pump itself creates a problem since it would be required to raise the fluid to a pressure and then hold it there during the run up to the spray.  

While the hydraulic system could be easily used, a simpler, more elegant solution is evident in a pneumatically pressurized design.
Pneumatically Pressurized Design


In the design team’s pneumatic pressurization system an inert gas, in this case most likely Nitrogen, is used to directly pressurize the fuel prior to being sprayed.  The exact manner in which this works is quite simple.  Pressurized Nitrogen is pumped into a pressure vessel in the bottom of which is a quantity of fuel.  Since the fuel is incompressible the Nitrogen’s pressure is carried throughout the fuel resulting in constant pressure throughout the fuel and piping.  The fuel flow is controlled through a single electronically controlled valve immediately before reaching the nozzle.  

The largest advantage of using this system is that it is very simple, both to predict, and to operate.  Gas pressurized fluids are very easy to predict, and the shock on the fluid and piping is reduced through the buffering aspects of the gas.  Operation is also quite simple, the pressure vessel is pressurized to a given pressure from a Nitrogen source, and the single electronic device, the valve, is operated.  There is only one moving part, the valve, which also requires the only electronic input and control.  Disadvantages of this type of system center around its operation.  First, the pressure vessel should be cleared of as much air as possible to avoid the possibility of the fuel combusting with the air.  While this is a very unlikely scenario, a purge of the system of air would improve safety.  Secondly, the filling of pressure vessel prior to the spray can be a problematic process if it must be done by having a person monitoring the pressure while filling the vessel from the Nitrogen supply.  A controllable valve on the Nitrogen supply would greatly reduce this danger.  It is for all of these reasons that the design team has decided to pursue the pneumatically pressurized design.
“V-Channel” Design

During the research phase several types of spray disbursement were found to have desirable attributes. In particular the V Channel concept was described as having a spray pattern similar to a FAE munitions. For this reason it was included in our ideas and concept generation sessions. This idea was developed from an abstract describing water being explosively expelled from a “V” shaped trough [4]. Since our client does not want an explosive due to higher risk and increased paperwork we theorized that a high pressure gas could eject the liquid in the same manor as an explosive. Below is a basic sketch of the V-channel design. Note that in this case we will use a “V” shaped cup instead of a trough. We feel that a “V”channel/conical cup may better replicate the actual droplet size and distribution of an FAE munitions. 

. 
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V-channel

This design could utilize the following high pressure sources. Explosively actuated utilizing a bank cartridge from a .22 cal, 9mm, 12-410 gauges … as the propellant for the V-channel would further decrease the size and complexity of the device but these may be classified as explosives by the client. A high pressure air delivery system, possibly using a rupture disk, would avoid the use of explosives. The outcome would be similar to the explosively actuated device. The last system is a chemically actuated device. Chemically initiated delivery could be accomplished with a chemical propellant similar to the ones used in an automobile air bag system. This design would also make this system a non-explosive device, but, it would provide a suitable pressure source. Each of these systems have there pro’s and con as described in the next section. 

The advantage common to all of these “V” channel designs is simplicity. In a traditional nozzle system, there are far more components than there are in a “V” channel. Another advantage is that the “V” channel may better replicate an actual FAE than a spray nozzle. 
Some of the disadvantages are that this type of dispersion technique is not well studied. This system in one of the previously stated cases used an explosive to initiate the dispersal of the fluid. Moreover, this system in all cases has the possibility of introducing undesirable chemical compounds into the test area
Design Selection

Decision Matrix

In order to select the best design a decision matrix was created to judge the three competing design ideas.  Six criteria were selected based both on information given by the US Air Force, as well as criteria selected by the group.  All criteria were weighted in their importance on a decimal scale from 0 to 1, with higher weights corresponding to the most important criteria. The matrix includes ratings in each category on a scale of 1 to 5, with five being the best or highest rating possible.  Each design concept was ranked on how well it would be able to fulfill the given design criteria. 


First, the designs were rated on their ability to give nearly identical clouds on multiple sprays.  This is very important in that the device must be able to replicate the same characteristics multiple times for both multiple ignition devices as well as for statistical analysis of the results.  


The adjustability of the device is another highly important criterion for the device.  It is important that the Air Force can make minute adjustments so that they can “dial in” some of the exact characteristics that they are seeking without having to replace too many components.  


As per the initial design request the Air Force would prefer a non-explosive means of dispersing the fuel for both safety and scalability reasons.


Environmental safety and impact are both priorities of the Air Force and as such they have several in house organizations which monitor the impact of experiments on the local environment.  In order to satisfy these agencies, it is required that the device not adversely affect the environment beyond what is allowed by the Environmental Protection Agency.  


If the design cannot safely produce what is asked of it then the Air Force will not allow it to be used.  Safety considerations include the toxicity of the chosen fuel, the dangers of high pressure lines, as well as the ability to stop the experiment at any time without jeopardizing safety.  


The design should be able to withstand numerous test runs without having any of the critical components suffer damage to the point of needing replacement. 


Creating an ideal, homogenous fuel cloud is very important to the project.  However, a perfectly homogenous cloud is nearly impossible, and is not required to have a successful test run.  

	Criteria
	Weight
	Piezoelectric 
	Nozzles 
	V-channel

	Consistency
	1
	5
	5
	2

	Adjustability
	.8
	5
	5
	1

	Environmental impact
	.7
	5
	4
	2

	Safety
	1
	4
	5
	1

	Durability
	.6
	3
	3
	4

	Ideal fuel cloud formation
	.7
	4
	4
	2

	TOTAL:
	 
	21.1
	21.4
	9



After considering all the relevant information the decision was made to move forward with a design that used a pneumatically pressurized system to run through a set of standard full cone spray nozzles.  This design provides the most elegant, simple, and sturdy solution to the design problem.
Final Design Choice

It was determined through the design decision process that a pneumatically driven spray nozzle system would be the most appropriate method of accomplishing the goals as set by the Air Force.  The following sections outline the design of the system’s components.  Where ever possible “off the shelf” readily available commercial products have been used to help keep the cost of the total project as low as possible.  

The total solution system contains six main subsystems; the pressure cylinder, the piping system, the electronically controlled valve, the nozzle, the control and analysis systems, and the containment and protection structure.  
Pressure Cylinder Design


The pressure cylinder is where the pressurized Nitrogen and the JP-10 come into contact and the line pressure is developed.  The cylinder must be strong enough to contain the relatively high pressures inside without exceeding the failure stress of the material.  Since the nozzle designs require operational pressures up to and including 150psi the design was toleranced to a factor of safety of at least 2 for 200psi.  Given that this indicates a maximum operational hoop stress of approximately 5.51 MPa with an outer radius of 8 cm and a thickness of 2 cm.  This is well below the failure stress of steel piping, which averages to around 500 MPa.  

An alloy of steel should be used for numerous reasons.  First, the ability of steel to avoid fatigue failure means that the device can be used much more often without fear of a rupture when compared to a material such as aluminum.  Second, there are numerous reliable and cheap surface treatments that can be used on steel.  A surface treatment such as Chromium plating would be favorable for the inside of the vessel to avoid possible oxidation or other contamination of the fuel.  Finally, steel is readily available and is easily machined using standard processes.  

The finalized design of the pressure vessel consists of two main parts, the body and the lid.  The body can be made through welding a round plate with an outside diameter of 16 cm and a thickness of 2 cm onto a 24 cm length of steel pipe with an outer diameter of 16 cm and an inner diameter of 12 cm.  The non-welded end should be inset such that it has a 2 cm long, 1 cm deep lip.  This lip should be tapped to accept the matching threads to be placed on the lid.  Having a well machined threading fitting here helps seal the joint between the body and the lid so that a gaseous or fluid leak becomes unlikely.  A second seal can be accomplished by cutting a shallow ring into the non-threaded surfaces where the body and the lid meet.  Rubber o-rings can be fitted into these cuts such that when the lid is tightened down a leak proof seal is obtained.  These o-rings should have half of their body sitting above the upper part of the cut when installed into the cuts.  A drilled and tapped hole should be placed on the welded end of the body in a manner which allows an air line quick connect (such as a Coilhose Pneumatics Male-Threaded Six-Ball Coupler (A937B4M)).  This quick connect will allow a standard male fitting to inserted in order to fill the tank with the required pressure of Nitrogen.  When not being used for this purpose the line can be disconnected and the quick connect will provide a leak proof seal for both the Nitrogen and alternatively the JP-10.  
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Coilhose Quick Connect Air Line Fittings, Male and Female Threadings Shown

The lid of the pressure vessel can be simply milled out of a 16 cm diameter round piece of 3 cm thick steel.  A cut 1 cm deep and 2 cm wide from the bottom edge is to be made along the bottom edge of the circle to match the similar notch in the body of the pressure vessel.  Threads corresponding to the tapped section of the body are also to be cut into this notched region.  At the center of the lid is a through hole that is drilled and tapped to accept ½” NPT piping and threads.   This hole is to be used to run the piping system through which the JP-10 will be pressurized and will flow through when the valve is opened.  Also through the lid should be a drilled and tapped hole that will accept the same type of air line quick connect as is present at the bottom of the body of the pressure vessel.  This second quick connect becomes important when the orientation of the pressure vessel needs to be flipped.
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Pressure Vessel Sketch: (all units in cm)
Black represent the body of the pressure vessel, red lines outline the lid, blue outline the piping, and yellow lines represent quick connect air line fittings.


Versatility is a key aspect to the success of this design, and the pressure vessel’s design reflects this.  There are three main orientations in which the design can be used during experimentation.  The fuel delivery system may be set up such that it sprays the fuel downward, sideways, or straight up.  Any one of these orientations may be used by the Air Force staff, while the design team would recommend that the downward and upward shots may provide the best results.  This is due to gravity’s influence on the spray pattern.  When shot upwards, spray droplets will eventually run out of momentum and stall in the air, allowing for a greater spread of fuel throughout the test chamber.  Likewise, a downward spray will allow for lower pressures to be used, resulting in larger droplets that fall like rain drops through the test cell.

In order to be able to facilitate these three orientations the pressure vessel has two main design aspects.  First, the air line quick connects on both the top and bottom of the vessel (with the lid securely tightened down) means that either the top or the bottom can receive the pressurized Nitrogen.  This is important since the pressure vessel can be flipped up to 180° in order to change from a downward to an upward spray.  Having the quick connects on both sides also keeps one from putting the Nitrogen up through the fuel which could cause the aeration of some JP-10 particles or the stagnation of Nitrogen bubbles into the JP-10.  

The second important design aspect is the threaded center hole in the lid of the pressure vessel.  This allows for piping to be inserted from both ends of the hole.  Coming out of the hold through the top of the lid would be a permanent pipe which leads to the control valve and then to the nozzle.  If the experiment calls for a downward or a sideways spray then this will not be changed with the lid being on the bottom of the pressure vessel pointing towards the ground.  For these spray orientations the quick connect mounted in the body of the pressure vessel would be used to fill the vessel with pressurized Nitrogen.  Should the experiment call for an upward shot a pipe with a length of 18 cm can be threaded into the bottom of the lid.  When pressurized the JP-10 will flow up through this pipe, through the permanent pipe and then through the valve to the nozzle.  In this scenario the quick connect in the lid of the pressure vessel will be utilized for Nitrogen pressurization.  For a sideways spray a 90° elbow will be used to direct the spray parallel to the ground.  Placing this 90° elbow immediately before the valve should produce results that would most closely relate to those of the same parameters that lack the elbow.
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3-D Rendering, Set Up For An Upward Spray 
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3-D Rendering, Set Up For An Upward Shot

Blank Holes Are For Quick Connects
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3-D Rendering, Set Up For A Downward or Sideways Shot

Valve Selection and Constraints


In order to have the best possible control over the spray a fast acting valve must be chosen.  It is the opening and the closing of the valve that determines how much JP-10 is sprayed into the test chamber.  The valve will begin the test run in the closed position, and then is asked to come fully open as quickly as possible and then close as quickly as possible to stop the flow.  Since the time period when the valve is not fully closed nor fully open has a different flow rate then the fully open state it is preferable to have the fastest acting valve possible.  During the opening and closing time the flow rate will be much lower than the fully open flow rate.  This lower flow rate will relate directly to a lower pressure in the nozzle area producing larger, slower droplets which must be taken into account for the experiment.

One valve that meets the pressure, fluid characteristic, and speed requirements is the Omega-Flo SV-501-240VAC.  This is a fast acting solenoid valve with ½ inch NPT fittings, a 7/16 inch diameter orifice  (at fully opened state), and a maximum water pressure of 355 psi.  The maximum pressures for this valve were determined using water which is more dense then JP-10.  Thus, the maximum allowable system pressure of 200 psi gauge should not damage the valve.  The approximate opening time for this valve is between.02 and .04 seconds.  During closing the valve is pushing against the pressure of the flowing fluid which causes the closing times to climb to between .1 and .25 seconds.  The manufacturer (Omega Co.) quotes a cycling rate of 250 cycles per minute, which indicates that the valve can go from fully closed, to fully open, and back to fully closed in as fast as .24 seconds.  This speed will help to ensure that the experiments are as precise as possible.  The only real drawback of this valve is that it is set up to run off of a 240 Volt source, while most standard wall outlets, and many control systems, run off of a 115 Volt source.  Omega Co.’s website’s Adobe Acrobat file on the SV-500 series valves is present as Appendix A, Figure 1.  
Nozzle Selection and Design

Picking proper nozzle type and size is an essential part of this design. Nozzle type selected for the fuel jet injection system is full cone nozzle. A full cone nozzle has a round orifice that produces a cone shaped spray pattern. Spray angle and liquid distribution within the cone pattern depend on the vane design and location relative to the exit orifice. The exit orifice design and the relative geometric proportions also affect the spray angle and distribution. Full cone nozzles provide a uniform spray distribution of medium to large size drops resulting from their vane design which features large flow passages and control characteristics. The following are the two main gull cone nozzles that are considered for usage in this experiment.

Axial full cone nozzle:

In this design liquid enters under a specified pressure and is forced through a fixed turbine vane inside the nozzle.  The droplets that leave orifice follow a trajectory which is caused by the orifice shape and vane design. The outcome is a steady spray angle and uniform droplet distribution.

Vaneless full cone nozzle:

For a vaneless full cone nozzle, liquid comes under pressure and into a swirl chamber.  The result is a steady spray angle and uniform droplet distribution. For this nozzle droplet size and spray distribution are very predictable. The "free passage" of vaneless full cones is determined by the largest particle size that can pass through the incoming orifice.  Vaneless full cones provide the largest free passage that the capacity allows.
Nozzle Selection

The following characteristics are considered when selecting a nozzle: spray pattern, capacity, spray angle, and droplet size. Spray pattern is dependent on the function of the nozzle for its specific application. For the fuel jet injection system a uniformly distributed spray pattern with a possible Gaussian distribution is needed. Moreover, a relatively wide range of droplet sizes, ranging from 500µm to 5000µm, need to be generated. Full cone spray nozzles with different capacities (12-0.3 gpm) under different pressures (10-100psi) can produce droplet sizes in the desired range. 


According to physics of fluid design and experimental results, relationship between flow rate and liquid pressure is given by the following equation:
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Q1 is the known capacity at pressure P1 and Q2 is the capacity to be determined at pressure P2. Hence it is impossible to test every nozzle with all different liquids used, all capacity tabulations are based on water, and because the specific gravity of a liquid, the ratio of the mass of a given volume of liquid to the mass of the same volume of water, affects its flow rate, capacities must be multiplied by the conversion factor that applies to the specific gravity of the liquid spray. In spraying, the main effect of the specific gravity of a liquid (other than water) is on the capacity of the spray nozzle. The following formula is given by almost all nozzle catalogs to calculate the capacity of the liquid being sprayed. The specific gravity of JP-10 is approximately 0.94 therefore according to the formula the conversion factor for JP-10 is n=1.03.
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 Next, spray angle and its coverage need to be determined. A tabulated spray angles that approximate spray coverage based on spray of water is provided in Appendix A.  Liquids more viscous than water form smaller spray angles depending upon viscosity, nozzle capacity and spraying pressure. Lower surface tensions in liquids produce relatively wider spray angles. It is important to mention that the provided table lists the theoretical coverage of spray patterns and all the values are based on the assumption that the spray angle remains the same throughout the entire spray distance. In actual practice, the tabulated spray angle does not hold for long spray distances. Fortunately, for the fuel jet injections system long spray distance is not a critical issue and can be estimated using the provided table.

The most important part of the design is the determination of the droplet sizes and their distribution. Droplet size is the size of the spray drops that make up the nozzle’s spray pattern. As it was mentioned above each spray provides a range of drop sizes. The smallest drop sizes are obtained by air atomizing nozzles and the largest drops are created by full cone hydraulic spray nozzles. In addition, full cone nozzles have a wide range of droplet size distribution, and are most suitable for this application. More importantly, liquid properties, nozzle capacity, spraying pressure and spray angle affect drop size, and therefore can be a significant factor in producing the correct distribution of drop sizes. 

Flow rate and capacities are directly proportional to droplet size. An increase in flow rate or capacity will increase the droplet size, and vice versa. On the contrary, pressure has an inverse relationship effect on droplet size. An increase in pressure will reduce the drop size, whereas a reduction in pressure will increase the drop size. Spray angle has also an inverse relationship with drop size. Liquid properties such as viscosity and surface tension raise the amount of energy necessary to atomize the spray. An increase in these properties will naturally increase the drop size. In addition, an increase in viscosity decreases flow rate, creates heavy edges, increases capacity, and requires a higher minimum pressure to maintain adequate spray angle and coverage. Also, an increase in surface tension increases the minimum operating pressure, and decreases spray angle.
Below a tabulated summary is provided that contains different fluid properties and nozzle characteristics and their effect on one another:
Table 1
	Nozzle
Characteristics
	Increase in
Operating Pressure
	Increase in
Specific Gravity
	Increase in
Viscosity
	Increase in
Fluid Temperature
	Increase in
Surface Tension

	Pattern Quality
	Improves
	Negligible
	Deteriorates
	Improves
	Negligible

	Drop Size
	Decreases
	Negligible
	Increases
	Decreases
	Increases

	Spray Angle
	Increases then

decreases
	Negligible
	Decreases
	Increases
	Decreases

	Capacity
	Increases
	Decreases
	Full cone 

increases
	Depends on

fluid sprayed

and nozzle used
	No effect

	Impact
	Increases
	Negligible
	Decreases
	Increases
	Negligible

	Velocity
	Increases
	Decreases
	Decreases
	Increases
	Negligible

	Wear
	Increases
	Negligible
	Decreases
	Depends on

fluid sprayed

and nozzle used
	No effect


There are many terminologies used to describe the drop sizes within a spray; three of the most commonly used terminologies are: 

· Volume Median Diameter (VMD) also expressed as Dv0.5 and Mass Median Diameter (MMD) 

Drop size is expressed in terms of the volume of liquid sprayed, and when measured in terms of volume is a value with 50% of total volume of liquid sprayed contains drops with diameters larger than median value and 50% with smaller diameters. 
· Sauter Mean Diameter (SMD) also shown as D32 

Fineness of spray is expressed in terms of surface area produced by the spray. SMD is the diameter of a drop with the same volume-to-surface area ratio as the total volume of all the drops to the total surface area of all the drops 

· Number Median Diameter (NMD) or DNo. 5 

Drop size is stated as the number of drops in the spray. So, 50% of the drops by count or number are smaller than the median diameter and 50% are larger than the median diameter.

Volume Median Diameter or VMD is the most popular known expression used to represent drop size distribution in most nozzles. 

In the selection of a nozzle, nozzle-wear must be considered, especially if the nozzle is going to be used many times. Nozzle wear is causes an increase in nozzle capacity and deterioration of the spray pattern. The increase in nozzle capacity can sometimes be recognized by a decrease in system operating pressure, particularly when using positive displacement pumps. Materials having harder surfaces generally provide longer wear life. A typical chart provided by most nozzle companies, supplies standard abrasion resistance ratios for different materials. This is Table 4 which is provided in Appendix B. However, the rate of chemical corrosion on specific nozzle materials is dependent on the liquid being sprayed and must be taken into account. From this information, the material that we have chosen for the selected nozzles is stainless steel.

Final selection of the nozzle is done by examining a graph provided by the manufacturer of the nozzle that gives spray particle size in VMD versus pressure for standard full cone nozzles. The graph is done for many nozzles with different capacities and is provided in Appendix B, Figure 1. It is very important to mention that these tests were done for water and the particle size provided is for water at room temperature. The graph is only used to aid us through selecting the correct nozzle, but is in no case the final nozzle characterization. The actual characterization of the nozzle will be done by us. 

The actual nozzles selected from Spraying Systems Company are the following:

Table 2
	Order number
	Nozzle type
	Capacity size
	Material
	Inlet Connection
	Thread type
	(VMD of water)
	Pressure range for VMD

	1/8G-316SS1
	G
	1
	316 Stainless steel
	1/8”
	Female NPT
	500-1000µm
	120-10psi

	1/8G-316SS3.5
	G
	3.5
	316 Stainless steel
	1/8’
	Female NPT
	1000-1700 µm
	90-

10psi

	3/8G-316SS15
	G
	15
	316 Stainless steel
	3/8”
	Female NPT
	1500-3000µm
	100-10psi

	2-1/2H-SS25
	H
	25
	316 Stainless steel
	2-1/2”
	Female NPT
	2000-5000 µm
	90-
5psi


Control and Analysis Systems


For a successful experiment as much data as possible should be gathered from the design during the test runs.  The most important variable during the test is the pressure of the fuel at key points in the device.  As such at least one pressure transducer should be used.  Most pressure transducers work by reading the strain on a diaphragm which is in contact with the pressurized material, in this case JP-10.  The strain data is read as a voltage, which is passed along the line to a data collecting software suite.  A pressure transducer such as this can read the pressure of the fuel as it moves through the ½ inch diameter piping.  This data can be used to find any problems in the system as well as to ensure that the sprays are as consistent as possible.  One transducer should be placed immediately upstream of the solenoid valve, with a second, optional transducer being placed between the nozzle and the valve.  

One pressure transducer which would work well is the Omega PX209-200G5V.  This pressure transducer has a maximum pressure of 200 psi, a reaction time of approximately .003 seconds, and has been used for fuel pressure readings of jet fuel.  It is preferable that, when mounted, as little as possible of the transducer’s sensor tip is in the flow of the JP-10.  This creates a problem in that the pressure transducer’s tip is flat and is to be mounted in the side of a round steel pipe.  Further more, the steel pipe will not have a wall thickness that is thick enough to securely fasten all of the threads on the transducer’s tip.  In order to solve these problems a cubic stud should be welded to pipe, in the center of which a ¼ inch hole is to be drilled and tapped to accept the ¼-18 NPT threading of the pressure transducer.  The stud should be thick enough that the pressure port in the transducer is in line with the inner radius of the pipe.  Doing so will allow the transducer to read accurately, but will keep it out of the way of the fluid flow so as to reduce any further head loss in the system.  Omega Co.’s website’s Adobe file is found in Appendix A, Figures 2 and 3.

Further data gathering devices could be added during the testing of the device and the flexibility to do so will also be important.
Containment and Protection Structure

All of the delivery system must be protected during testing to ensure durability and reliability.  In order to protect the delivery system from the harsh heat and pressure present during successful testing a protection cell must be built.  This protection box should be a cube with the approximate dimensions of .5m x 1m x 1m.  The top of this cube (one of the 1m x 1m sides) will face the spray test cell and should have a .55 inch hole drilled through at the center for the nozzle.  The top of the box should have a slight slant (~2°-3°) from one side to the opposite side.  On the low side of the slant should be a fluid collection grate.  This is meant to act as a runoff system should the experiment be done with an upward spray and with little or no combustion taking place.  This grate should be connected with hose to a simple fill bottle which should be emptied before every spray.  

In order to ease access to the delivery system the “bottom” of the box should be a 75 cm x 75 cm hinged door with a positive latch.  The hinges and latch being used should be mounted in a manner that allows for a flat surface on which the test cell can stand.  A second, smaller door (~25 cm x 25 cm) should be mounted in one of the sides for further access.

The two most practical choices for the box material are ½ inch aluminum plate and ¼ inch steel plate.  The aluminum plate is preferable due to its light weight, corrosion resistance, and ease of machining.  Lining the inside of the protective box should be a layer of sound deadening fire resistant foam of the kind used to sound proof acoustic test rooms.  In conjunction with the aluminum box panels, this lining will help protect the delivery system from the concussion made inside the explosives test room.  A custom rubber fitting or high temp silicon should be used such that it can act as a leak proof seal between the nozzle pipe and the top of the protective box.  
The spray test cell has been determined to be a 2m x 1m x 1m rectangular cube with one of its 1m x 1m faces meeting up with the 1m x 1m top of the protective box.  It is into this volume that the fuel will be sprayed and combustion should occur.  In order to protect the environment in which the tests are conducted a clear plastic wrap is the placed around the test cell to contain the spray should there fail to be a combustion.  The frame work needed to allow this plastic to be wrapped should consist of 1 inch square steel tubing.  One of the two 1m x 1m sides should be beveled to match the 2°-3° slant on the top of the protective box.  This will keep the test cell aligned with the central spray axis of the nozzle.  On this same 1m x 1m square side there should be drilled 8 holes which will accept through bolts which are to thread into matching holes on the top of the protective box.  The ability to detach these two parts will greatly aid transportation.  
It is important to catch the non-combusted spray fuel if the experiment uses a downward or sideways spray orientation.  In order to contain the fuel in the case of a downward spray there should be a collection tray measuring 1m x 1m placed in the bottom of the test cell.  Likewise, for a sideways spray a 2m x 1m tray should be placed in the bottom of the test cell.  The collection tray should be emptied after every spray, with care taken to not come into contact with too much of the fuel.  The collection trays can be made out of thin rolled aluminum with a 1cm – 2cm lip to aid in carrying tray and pouring out any fuel.  

Delivered Design
Manufacturing Process


The design team’s initial design, as detailed in the previous sections, was in many ways over engineered to provide maximum safety and versatility while keeping the manufacturing cost well below the budgeted $2000 dollars.  Due to budgetary problems detailed later in this paper the team was forced to use what materials they could find for free or at a very low cost.  These same monetary issues meant that the group would only be able to build the pressure vessel itself and not the surrounding equipment such as the protective structure.  What follows are the specifications and manufacturing process that took place in order to use what was available.

The most important part, structurally, to the operational success of the pressure vessel is the cylinder that holds the pressurized fluid and gas.  For this piece of the pressure vessel the design group used part of the cryogenic cooler that is pictured below.  Operational pressures for the cooler were up to 750 psi which indicates that the cylinder is more than strong enough for that of the pressure vessel with a maximum operating pressure of 120 psi.  The cryo-cooler was cut down so that the cylinder had a height of 13.75”.  In order to securely seal the pressure vessel the flanged end/top was retained such that the vessel had a removable top that allowed the inner pipe to be secured and removed.  Another requirement of the design was that the gaseous agent had to be pumped into the chamber, to accomplish this, the bung next to the flanged top of the cooler was removed and a ¼” NPT nipple was installed in its place.  
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The Cryo-cooler Used for the Pressure Vessel


A key component of the design was the flanged top lid of the device that had to contain both the permanently mounted outer pipe and the removable, optional inner length of pipe.  First, the hanger bracket (viewable in the above picture) was removed and a ¾” thick square tab was welded to the top center of the lid to enable the welding of the permanent outer pipe as well as to increase the lid thickness enough to properly tap the hole for the removable inner pipe length.  Once the plate was welded on the outer pipe was welded in the exact center of the lid and the mating hole was drilled and tapped on the inside of the lid.  A ½” NPT thread was used on the inside of the lid.  The end of the permanent outer pipe is threaded in the standard ½” NPT thread in order to mate to Omega solenoid valve detailed in an earlier section of this report.  
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Lid of the Vessel 

Note: The vessel in this photo is coated in primer, with the plug on the outer pipe present for the purposes of pressure testing the system.

A bare steel object subjected to normal Florida atmosphere will eventually begin to rust.  To prevent this from occurring, the pressure vessel system was coated with a corrosion resistant primer and then painted with a white top coat.  These layers of protection will help guard against rust and corrosion that would reduce the effective safety of the device, possibly causing injury to those around it.

Finalized Product
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Final System in Primer: View of Lid Bottom
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View of Gas Inlet Structure
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Entire Pressure Vessel Assembly
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Finished System ( & (
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Finished System: ¾ View
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Finished Product: Side View
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Finished Product: Views of Top ( & (
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Finished Product: Rear View
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Finished System: Outline

System Testing/ Design Analysis
 
Once the system was assembled it was tested to ensure that it would safely hold the desired operating pressures and that it would in fact propel the fluid as planned.  First, the system was hooked up to a hydrostatic pressure testing system.  This system pumped water (after ALL air was expelled from the system) into the pressure vessel up to a desired pressure.  Pressure tests were run at varying stages of the systems manufacture with the final pressure vessel being tested up to 300 psi with no leaks from either the pressure vessel or the attached hardware.  Once this was complete the team checked that there was not an overly excessive amount of gas/air leaking form the sealed system.  Compressed air was pumped into the system until the pressure gauge read at 100 psi and the ball valve on the inlet fixture was closed.  The air line was removed and the pressure vessel was allowed to sit in a room with approximately steady temperature for three hours.  Once three hours was up the group noted that the pressure inside the vessel had remained within five psi of the original 100 psi.  Thus it can be concluded that the vessel is very near air-tight and will hold a constant pressure for more than long enough to conduct the required experiments.  This test should be run again once the solenoid valve and nozzle have been fitted to the system to ensure that leaks don’t exist in the junctures with those subsystems.  
[image: image31.jpg]



Hydrostatical Testing of the Pressure Vessel 


The group had planned on performing functionality checks once all components were collected.  This would involve installing the solenoid valve, bore reducer, and nozzle, none of which were ordered following submission of the purchase orders and requests in the last week of January.  Purchase orders were not sent out from FAMU’s purchasing department until the week of 18-24 March, 2007.  Even then it is questionable as to whether the money came from the account consisting of USAF money or, as the Department of Mechanical Engineering’s accountant mentioned, if the money came from another fund that had not used all of its allocated money.  Regardless, the parts did not arrive in time for the design team to fully assemble the project and test it.  The parts present on the design were scrounged from within the College of Engineering or paid for with the personal funds of those in the design team

It would be irresponsible engineering if the group were to hand over the project without being able to show what results should be expected from various settings.  To this end the group calculated what could be expected out of the design if the smallest nozzle was used at a pressure setting of 100 psi.  Of key importance was finding the pressure and flow rate of device as found without the nozzle having been installed.  From here the data can be compared with the mean droplet diameter governing equations as provided by the nozzle manufacturer.  While this will give the data for the spray at constant flow, it does not take effect in the times where the control valve is either opening or closing.  Thus, the governing minor loss formulas were sourced from Omega Co for the valve in full power opening and closing.  

One of the most important constraints on the system is the rate of the opening and closing of the solenoid valve.  Being a “normally closed” valve it opens faster than it closes.  As such, the valve goes from fully closed to fully opened in .04 seconds and from fully open to fully closed in .1 seconds with a fluid with a density of (10% of that of water, a bracket which fits JP-10, and at a pressure of 100 psi.  Below is a graph of the position of the valve with regards to time.  0% equates to fully closed.  
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The following graph illustrates the expected flow velocity at the center of the pipes (within the laminar flow regime) in feet per second for the smallest nozzle (500-1000(m range) at 100 psi with an expected stoichiometric ratio of 1 to 1.  You can see how the exponentially dependent opening and closing of the valve affects the flow velocity.  It is difficult to see the slope of the constant flow region on the overall graph, thus a closer view of the plateau is shown in the second graph.
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From these graphs the volumetric flow rate can be calculated which in turn can be used to find the times required for the various stoichiometric ratios defined by the USAF.  Ratios from 20% lean to 20% rich were asked for and the cycle times (from valve fully closed to valve fully closed) are graphed below.  Once again the times and ratios below are for the smallest valve at 100 psi.
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The final step of the computation is to relate the pressure in the cylinder, the flow rate, and the time to the mean droplet diameter in the combustion area.  It is important to realize that the mean droplet diameter is an average value of all of the droplets as found by the nozzle manufacturer under ideal conditions.  These numbers may or may not be consistent with empirically determined values.
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All of the above values and graphs are the design team’s best estimates under as realistic of conditions as possible with regards to the governing equations of pipe flow and fluid dynamics.  Furthermore, both the manufacture of the valve and the nozzles were consulted to ensure that the numerical simulations could be as close as possible to that of the actual testing.  

In addition to the above numerical simulations and testing done by the design team a computational fluid dynamics consultant was tasked by Eglin to work on the issue of the flow of the fluid after if exits the nozzle.  Below are two simulations that relate the droplet velocity to non-dimensional distance linearly and laterally from the nozzle.  The first uses vector fields to relate the directions and velocities of the droplet fields after they exit the nozzle tip.  The second plot relates velocity to color, with red equating to the fastest moving droplets and blue representing the minimal velocity air along the boundary regions.  In the second plot, the black lines at the top represent the nozzle housings as determined in the CFD model.  Also, the second image has been mirrored so that both sides of the center axis can be viewed back-to-back.  
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Spray Characterization
In order to verify that we have successfully designed and built a spray system that achieves the desired droplet size we must characterize the spray. Spray characterization will include determination of droplet size and distribution at various locations within the flow field. The method that we believe will be the cheapest and allow us to utilize existing equipment is a laser illumination system.  This system consists of a pulsed laser illumination source, beam diffuser (beam expander) and a high speed camera. This configuration allows us to capture a 2-D slice of a 3-D flow. This will permit us to quickly determine the ideal location for the placement of an ignition source based on droplet size. It should be noted that the flow velocity will have some effect on the flame front depending on the type of flame initiation and initial energy input. 
The target values as stated by the Air Force is a location within the spray where the mean droplet diameter can be determined to be at the range desired for each test run. Using the flow visualization techniques suggested previously the entire flow can be quickly evaluated to locate the desired conditions. In addition to the target size droplets being identified we can also identify areas of the spray where ignition may more easily occur. Such areas where fine mist and large droplets coexist may be easier to ignite than areas weighted by a larger number of large droplets. 
In order to keep the characterization of the nozzle repeatable variability in the test area must be eliminated. Standard test procedures for spray characterization should account for the following environmental factors. To minimize flow disruption we must ensure that there are no external sources of wind in the test area. The test area air will be at approximately room temperature and all testing should be done at a relatively constant temperature. The temperature of the fuel will greatly affect the rate of fuel droplet break-up by decreasing the vapor pressure of the fuel, thus allowing the fuel to atomize more freely. Therefore the fuel temperature will need to be kept constant. The testing will need to cover a number of different fuel delivery pressures to find the ideal operating conditions for each nozzle. 
Minimal System
This system is most effectively used with a laser and diffuser screen to create a laser light sheet. Spreading of the beam can also be accomplished my directing the laser through an optical quality glass rod. Also it is necessary for this laser source to be pulsed in order for us to utilize a strobe-like effect to capture the still image. The imaging system which is available to us through the AFRL is capable of a FPS (frames per second) speed of 30000 which is much faster than necessary for our purposes. If the frame rate can be reduced to 100 FPS then we can significantly increase picture quality and image resolution which will aid in manual droplet sizing. 
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Test System

Figure: “Oxford lasers: Imaging Division”

Typically the system setup is simple. The components include a laser light source in a visible spectrum of about 500 nanometers in wavelength. Commonly used is a green Nd:YAG laser between 200W and 1000W peak output. A beam spreader/light sheet generator is used to diffuse the beam into a flat sheet. The optical system could be a high speed film camera, CCD camera, film camera, or a digital camera. In order to minimize cost we will attempt to utilize a high speed camera provided by our sponsor, which is capable of frame rates as high as 30,000 FPS. However, due to the degradation of picture quality at 30k FPS we will operate at approximately 30 FPS and if necessary we could increase the rate until we achieve the appropriate image quality best suited for the flow characterization. 

In order to process the image to find the target droplet size the images must be manually evaluated. This will include setting up the test area with reference grids. Then counting and sizing the droplets for each area of interest. This approach is recommended only when testing involves a few events and where the droplet size is large enough to be visually compared to a reference. 

Suggested System(s)

Alternatives to manual count and measure system include both imaging and non-imaging systems. Imaging systems utilize programs that count the number of droplets per image. Non-imaging techniques include Phase Doppler Interferometer (PDI), laser diffraction analyzers and optical probe arrays. In this phase of the design we would be best suited to use the imaging technique to quickly and cheaply confirm that we have either reached our target or not. This would allow us to develop procedures for producing suitable droplets consistently. However, to provide the means to baseline a CFD model, we would highly recommend a non imaging system. A PDPA system with the supporting software can gather the necessary data in real-time. This would greatly increase the number of validation tests that can be performed. The PDPA system is a flux measurement device that measures droplet size and velocity as well as distribution within the “probe volume”. The following description from Spraying Systems Co. describes the general PDPA system. 

 SHAPE  \* MERGEFORMAT 



(Spray Analysis and Research Services (manual), pg. 11)
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Phase Doppler Particle Analyzer: Figure courtesy of Spraying Systems Co.: “Understanding Drop Size” 

In order to effectively relate the flow conditions to parameters readily usable by CFD modeling software a complete system offered by a laser imaging company should be used. These companies provide hardware and software that can rapidly evaluate the flow and provide data that can be more easily related to the CFD model, thus allowing verification of the model. 

Suggested systems include the following:

“Artium Technologies Inc.’s PDI–X00MD is a modular system based on a laser Phase Doppler Interferometer. This system consists of an optical transmitter, receiver, signal processor and software. Most importantly the software which is called “Aims” can provide droplet size and velocity information. It is not indicated whether or not that this system provides correlations to volume flux and statistical analysis or is these values have to be calculated independently. 
From TSI Incorporated the PDPA-System 1-component (velocity measurement) system is appropriate for the flow evaluation. It includes an emitter, receiver, signal processor and analysis & graphics software. This system provides data analysis on droplet size, velocity as well as statistical analysis with the provided “Flowsizer 2.0” software. This system also provides graphical representations of the flow characteristics and statistics in easily read charts. 

Oxford laser systems incorporated has a laser based system which falls into the optical analysis category. This system utilizes software to count and measure droplets related lens and focal length. This system may be suitable for our needs. However, one must consider whether or not the spray pattern might obscure the inner areas of the flow.  The software in this system provides size, velocity and statistical data, in easily read graphs. It also provides a picture test area which is valuable in determining non-spherical droplet characteristics. 

Of the three preceding systems the most desirable is the TSI PDPA system. This company offers the most accessories and provides a significant amount of detail in their methods. Also, their accompanying software provides more flow analysis than the other companies.  

Statistical Analysis

Volume Median Diameter (VMD) will be used to represent the spray droplet size due to its wide spread use by manufactures. This will give the ability select and test nozzles that will deliver the desired droplet size. The VMD is based on relating the droplet size to the total fluid volume. Specifically the VMD is where 50% of the fluid volume is accounted for in droplets smaller than the target value, and 50% of the fluid volume is accounted for in droplets larger than the target value. Also it may become necessary to find regions within the flow that have different characteristics. For certain tests areas with a large population of small droplets and few large droplets might be preferable. Locating these areas can be done by tabulating the droplet sizes (at varying pressures, distance…) into a histogram which would relate size to frequency of occurrence. In such a case the VMD would not be used, however it is an important tool in standardizing each test and a starting point in the classification of the nozzle characteristics.
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Figure 1

URL: http://www.omega.com/Green/pdf/SV500.pdf
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Figure 2

URL: http://www.omega.com/Pressure/pdf/PX209_PX219.pdf
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Figure 3

URL: http://www.omega.com/Pressure/pdf/PX209_PX219.pdf


Appendix B
	Theoretical coverage (in) at various distances (in) from the nozzles

	Spray Angle
	2"
	4"
	6"
	8"
	10"
	12"
	15"
	18"
	24"
	30"
	36"
	48"

	5°
	0.2"
	0.4"
	0.5"
	0.7"
	0.9"
	1.1"
	1.3"
	1.6"
	2.1"
	2.6"
	3.1"
	4.2"

	10°
	0.4"
	0.7"
	1.1"
	1.4"
	1.8"
	2.1"
	2.6"
	3.1"
	4.2"
	5.2"
	6.3"
	8.4"

	15°
	0.5"
	1.1"
	1.6"
	2.1"
	2.6"
	3.2"
	3.9"
	4.7"
	6.3"
	7.9"
	9.5"
	12.6"

	20°
	0.7"
	1.4"
	2.1"
	2.8"
	3.5"
	4.2"
	5.3"
	6.4"
	8.5"
	10.6"
	12.7"
	16.9"

	25°
	0.9"
	1.8"
	2.7"
	3.5"
	4.4"
	5.3"
	6.6"
	8.0"
	10.6"
	13.3"
	15.9"
	21.2"

	30°
	1.1"
	2.1"
	3.2"
	4.3"
	5.4"
	6.4"
	8.1"
	9.7"
	12.8"
	16.1"
	19.3"
	25.7"

	35°
	1.3"
	2.5"
	3.8"
	5.0"
	6.3"
	7.6"
	9.5"
	11.3"
	15.5"
	18.9"
	22.7"
	30.3"

	40°
	1.5"
	2.9"
	4.4"
	5.8"
	7.3"
	8.7"
	10.9"
	13.1"
	17.5"
	21.8"
	26.2"
	34.9"

	45°
	1.7"
	3.3"
	5.0"
	6.6"
	8.3"
	9.9"
	12.4"
	14.9"
	19.9"
	24.8"
	29.8"
	39.7"

	50°
	1.9"
	3.7"
	5.6"
	7.5"
	9.3"
	11.2"
	14.0"
	16.8"
	22.4"
	28.0"
	33.6"
	44.8"

	55°
	2.1"
	4.2"
	6.3"
	8.3"
	10.3"
	12.5"
	15.6"
	18.7"
	25.0"
	31.2"
	37.5"
	50.0"

	60°
	2.3"
	4.6"
	6.9"
	9.2"
	11.5"
	13.8"
	17.3"
	20.6"
	27.7"
	34.6"
	41.6"
	55.4"

	65°
	2.5"
	5.1"
	7.6"
	10.2"
	12.7"
	15.3"
	19.2"
	22.9"
	30.5"
	38.2"
	45.8"
	61.2"

	70°
	2.8"
	5.6"
	8.4"
	11.2"
	14.0"
	16.8"
	21.0"
	25.2"
	33.6"
	42.0"
	50.4"
	67.2"

	75°
	3.1"
	6.1"
	9.2"
	12.3"
	15.3"
	18.4"
	23.0"
	27.6"
	36.8"
	46.0"
	55.2"
	73.6"

	80°
	3.4"
	6.7"
	10.1"
	13.4"
	16.8"
	20.2"
	25.2"
	30.3"
	40.3"
	50.4"
	60.4"
	80.6"

	85°
	3.7"
	7.3"
	11.0"
	14.7"
	18.3"
	22.0"
	27.5"
	33.0"
	44.0"
	55.0"
	66.0"
	88.0"

	90°
	4.0"
	8.0"
	12.0"
	16.0"
	20.0"
	24.0"
	30.0"
	36.0"
	48.0"
	60.0"
	72.0"
	96.0"

	95°
	4.4"
	8.7"
	13.1"
	17.5"
	21.8"
	26.2"
	32.8"
	39.3"
	52.4"
	65.5"
	78.6"
	105"

	100°
	4.8"
	9.5"
	14.3"
	19.1"
	23.8"
	28.6"
	35.8"
	43.0"
	57.2"
	71.6"
	85.9"
	114"

	110°
	5.7"
	11.4"
	17.1"
	22.8"
	28.5"
	34.3"
	42.8"
	51.4"
	68.5"
	85.6"
	103"
	 

	120°
	6.9"
	13.9"
	20.8"
	27.7"
	34.6"
	41.6"
	52.0"
	62.4"
	83.2"
	104"
	 
	 

	130°
	8.6"
	17.2"
	25.7"
	34.3"
	42.9"
	51.5"
	64.4"
	77.3"
	103"
	 
	 
	 

	140°
	10.9"
	21.9"
	32.9"
	43.8"
	54.8"
	65.7"
	82.2"
	98.6"
	 
	 
	 
	 

	150°
	14.9"
	29.8"
	44.7"
	59.6"
	74.5"
	89.5"
	112"
	 
	 
	 
	 
	 

	160°
	22.7"
	45.4"
	68.0"
	90.6"
	113"
	 
	 
	 
	 
	 
	 
	 

	170°
	45.8"
	91.6"
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



Table 3
Table 4
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Figure 1

Figure 1- droplet size 500-1000
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Figure 2- droplet size 1000-1700
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Figure 3- droplet size 1500-3000
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Figure 4- droplet size 2000-5000
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INTRODUCTION

Please read this user manual before operating this pressure tank assembly. In this manual you find operating instructions for the safe implementation of this system. This manual should be used in conjunction with safe engineering practices and adhering to OSHA and local safety standards. 

USE OF SYMBOLS

The following Symbols will be used and are explained in this chart:

	ATTENTION, WARNING
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	EXPLOSIVE HADZARD
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	FLAMABLE
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	INHALATION HADZARD
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FEATURES

· This pressure vessel has been designed with a factor of safety of  3

· ½ inch (NPT) threaded pipe nipples

· Maximum volume 201.54 cubic inch (3.303 Liter)

· Tank mounted pressure gauge (0-160 psig)

· Tank mounted pressure shutoff valve

· ¼ inch Quick Connect

CONTROLS
When equipped with the suggested fast actuating control valve (Omega-Flo SV-501-240VAC) the unit must be controlled via a separate control system.   Refer to the supporting documents for the appropriate valve open times and suggested control system.  

SAFETY
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· DO NOT USE AIR/OXYGEN TO Pressurize the fuel system
· USE an inert/nonreactive gas to presurize the system
· Ground the pressure vessel before filling with fuel

· Remove non-essential personnel from the immediate area

· Use applicable OSHA standards for exposure limits to fuels and fuel vapor

· No Smoking during fueling

TANK FILLING
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	Maximum Fuel is one half of entire tank volume 100 inches cubed (1.65 L) for a DOWN-SHOT. And, 68 cubic inches (1.1L) for an UP-SHOT.


1. Remove all electrical power and pressurized gas supplies

2. Ground pressure vessel

3. Depressurize tank by slowly opening the tank mounted pressure shutoff valve until all pressure has been released

4. Wear protective equipment (use OSHA Standards or Local Procedures)

5. Remove control valve form the top lid 

6. With a funnel or appropriately sized tubing fill the tank through the lid threaded nipple 

7. Follow instructions on purging the system before pressurizing

PURGING THE SYSTEM
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	**This system has two different configurations for operating,

UP-SHOT (A) and DOWN-SHOT (B). When the interior pipe has been installed follow the UP Shot instructions for purging the system. For the DOWN-SHOT configuration i.e. when the interior pipe has been removed follow the DOWN-SHOT instructions for purging. **


A: UP-SHOT PURGING INSTRUCTIONS (DO NOT OVERFILL)

1. After filling the unit, slowly lay the pressure vessel on its side with inlet/gauge facing upwards be sure to collect and dispose of any fuel that spills from the threaded pipe nipple on the lid. 

2. Close the inlet valve

3. Connect INERT GAS PRESSURE SUPPLY   to the tank inlet via the inlet quick disconnect. 

4. Apply Not more than 5psi of gas pressure and slowly open the inlet valve. 

5. Allow the gas to flow into the tank and exit through the lid threaded pipe

6. After 2 minutes turn off INERT GAS PRESSURE SUPPLY 

7. Return the unit to its upright position and install the control valve assembly

B: DOWN-SHOT PURGING INSTRUCTIONS (DO NOT OVERFILL)

1. After filling the unit

2. Close the inlet valve

3. Connect INERT GAS PRESSURE SUPPLY to the tank inlet via the inlet quick disconnect. 

4. Apply Not more than 5psi of gas pressure and slowly open the inlet valve 

5. Allow the gas to flow into the tank and exit through the lid threaded pipe

6. After 2 minutes turn off INERT GAS PRESSURE SUPPLY 

7. Install the control valve assembly

OPERATING INSTRUCTIONS

1. After purging the unit and installing the control valve assembly 

2. Install the nozzle for testing (nozzles not included) 

3. Place tank and valve assembly in test area

4. Connect the electrical connections for the valve control

5. Assembly fuel spray barrier  and un-burnt fuel collection devices

6. Withdraw all personnel from test area and conduct testing

ASSEMBLY PICTURE 
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NOZZLE INSTALLATION

· At the time of this publication nozzles had not been received. However installation of the nozzles will be straight forward as they need only to be screwed onto the control valve.

CARE AND MAINTENANCE

CORROSION PREVENTION AND STORAGE
· When not in use this unit should be cleaned, dried and stored in a dry area with desiccant placed inside to prevent corrosion

INSPECTIONS AND TESTING

· Annual inspections should be conducted on the pressure vessel and should include the following 

1. Visual inspection for cracks, pitting and bulges 

2. Hydrostatic pressure testing to 300 psig

3. NDI non-destructive penetrate  dye inspection of all welds and joints
Specifications 

Recommended Fuel Capacity: 100 cubic inches (1.65 Liters) or minimum expected use during testing event
Maximum Allowable Fuel Capacity:  100 cubic inches (1.65 Liters)
Threaded Fittings: ½ inch NPT
Internal Piping:  13 ½ inch length with one end threaded for ½ inch NPT
References

http://www.warninglabelgenerator.com/download.php, Accessed April 1, 2007
¼” NPT Gas Inlet Piping





Gas Inlet Pressure Gauge





½” NPT Outlet Piping





¼” “Quick Connect”





Gas Inlet Control Valve





Phase Doppler particle analyzers (PDPA)


PDPA are flux sampling instruments and fall into the non-imaging (single particle counter) category. These analyzers consist of a transmitter, receiver, signal processor and computer. The PDPA uses a low-power laser that is split into two beams or four beams for a 2-dimensional system. By utilizing a beam splitter and frequency module; these laser beams intersect again at a point referred to as the probe volume. When a drop passes through the probe volume, the scattered light forms an interference fringe pattern. The scattered interference sweeps past the receiver unit at the Doppler difference frequency, which is proportional to the drop velocity. The spatial frequency of the fringe pattern is inversely proportional to the drop diameter. A data analysis routine is used to convert the raw drop count into a meaningful drop size distribution.  The PDPA measures sizes in the 0.5 to 10,000 μm range using various optical configurations…….





There are several manufacturers of Phase Doppler analyzers:





• Artium Technologies, Inc., Sunnyvale, CA


(http://www.artium.com)


• Dantec Dynamics A/S, Skovlunde, Denmark


(http://www.dantecdynamics.com)


• TSI Incorporated, Shoreview, MN (http://www.tsi.com)
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