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The Aerospace Research Laboratory works towards the goal of practical scramjet engines by collecting combustor data that may be used to improve modern computational fluid dynamics (CFD) programs.  Testing is carried out with the Supersonic Combustion Facility, a hypersonic wind tunnel whose test section is a scramjet combustor.  Velocity fields inside the Facility are created using Particle Image Velocimetry (PIV), a process that involves placing microscopic particles into flows and examining their motion.  There were problems and limitations with the experimental technique, however.  Velocities could only be determined for particle-seeded regions, limiting the quantity of data that was gathered.  Previously the Aerospace Research Laboratory had only seeded hydrogen fuel and studied combustion processes.  Second, by not seeding the entire flow, problems arose with velocities generated by the PIV computer software.  This paper focuses on efforts to correct these problems, which involve designing a freestream particle seeder to place particles throughout the entire wind tunnel.  Running off compressed air, the seeder uses a particle fluidizer and injects the particles into the wind tunnel prior to the supersonic nozzle.  Partial construction has also been carried out and is presented below.  Finally, this paper discusses opportunities for future research work related to the seeder system.  

Introduction


In this project, I have worked towards implementing freestream particle seeding on the Aerospace Research Laboratory’s Supersonic Combustion Facility.  To realize this goal, I designed and have partially constructed a freestream particle seeder.  I have also proposed several techniques to correct future problems that may arise as well as ways to optimize the seeder system.  Once operational, the freestream particle seeder will enable researchers to obtain more and better data on supersonic combustion for scramjet engine development 7, 11.

Scramjets, a specialized jet engine capable of operating at hypersonic speeds, show enormous potential 2.  If applied to a civilian transport, scramjets would enable passengers to go anywhere in the world in a few hours 4.  By eliminating the need for onboard oxidizers, scramjet powered transatmospheric vehicles would lower the costs of reaching space and could even replace traditional rockets 2, 9.  Scramjet technology is also being studied for use on hypersonic military vehicles, including an offensive missile system 6, 8.  

Though there have been two successful demonstrations of scramjet-powered-aircraft with the X-43’s, researchers still have much work to do to make scramjets practical 4,5, 16.  The Aerospace Research 

Laboratory’s Supersonic Combustion Group works towards this goal by collecting data from wind tunnel tests that could be used to improve modern Computational Fluid Dynamics (CFD) programs.  Testing is carried out with the Supersonic Combustion Facility, a supersonic wind tunnel whose test section, a scramjet combustor, is subject to hypersonic conditions 10, 11, 16.  In addition to pressure and temperature measurements, researchers collect information about the velocity field of the airflow 10, 16.  The Supersonic Combustion Group uses a technique called Particle Image Velocimetry (PIV) to determine the speed and direction of the flow 16.  The PIV process starts by seeding, or placing, particles into the flow 14, 15.  In the case of the Aerospace Research Laboratory, researchers use alumina (Al2O3) particles of 0.3 µm diameter 9, 16.  As the flow goes through regions of interest in the wind tunnel, two powerful laser pulses illuminate the particles and digital cameras image the particles at each pulse 9, 15, 16.  Using these photographs, a computer program determines particle velocities from the position change between successive laser pulses 1, 15, 16.  These velocities are made available for comparison with those predicted by CFD programs, which enables researchers to perfect the simulations 11.  Figure 1 on page 9 shows the PIV process.  

The University of Virginia currently specializes in obtaining three-dimensional velocities from the flow.  Previous research only found the two-dimensional velocity fields.  To fully characterize the flow, the Supersonic Combustion Group progressed to the use of three-dimensional PIV 16.

There were problems and limitations with the experimental technique, however.  First, velocities could only be determined for particle-seeded regions, limiting the quantity of data that was gathered.  Previously this research was limited to the fuel plume, as only the hydrogen fuel was seeded.  Second, by not seeding the entire flow, problems arose with the quality of velocity components generated by the computer software used 7.  Often it provided inadequate velocity field data or erroneous values 7, 16.  

This project will help resolve these problems by engineering and building a freestream particle seeder for the laboratory’s Supersonic Combustion Facility.  Freestream particle seeding will generate more data for the comparative analysis of computational fluid dynamics programs by enabling the study of airflows prior to and surrounding the fuel plume.  Finally, the Supersonic Combustion Group believes that seeding the entire airflow will allow the PIV computer program to run more effectively, eliminating or reducing the aforementioned problems 7.   

The remainder of the paper is divided into four sections.  The second section provides an investigation of contemporary research and literature into particle seeding.  It provides the reader background information relevant to this research.  The two sections that follow detail the design and construction of the particle seeder.  Though there was overlap in these steps, both chronologically and in the work involved, the material has been carefully separated for clarity.  Finally, the last section provides an overview of what was accomplished as well as recommendations for future research.  Illustrations are found at the end of this paper.  
Relevant Research


In order to appreciate the previous research, one must understand the operation of the current fuel seeder, shown in Figure 2 on page 9.  Built by Dr. Christopher Goyne, it enables PIV research on supersonic combustion.  To begin the seeding process, hydrogen fuel from outside tanks enters the seeder at the inlet.  From there, the fuel has three paths 10.  A portion of the hydrogen runs through line B into the fluidizer, where it interacts with and picks up the submicron particles needed for PIV 10, 16.  As some particles have accreted into massive particles unacceptable for PIV research, the particle-rich gas is passed through a particle shearing nozzle 7, 10.  This nozzle, powered by the hydrogen from line A, uses supersonic shock waves to shatter the particles.  Finally, this combined hydrogen joins the bypass line C, which was to control the operating pressure of the fuel seeder.  All the hydrogen then exits through the injector into the Supersonic Combustion Facility test section 10.

Though previous seeder investigations had been carried out at UVA (Mosher and Ledig), the current work is primarily based on the research of Dr. Michael W. Smith of NASA’s Langley Research Center 1, 3.  Made for Langley’s Small Anechoic Jet Facility, the seeder employed a fluidizer and introduced a Mach 3 particle shearing nozzle 17.  Using Smith’s work, undergraduate researchers Barrick and Aims constructed a prototype fuel seeder for the Aerospace Research Laboratory’s Supersonic Combustion Facility.  Incorporating lessons learned from the prototype, Dr. Goyne created the current fuel seeder 1, 3.

This seeder enabled PIV research on supersonic combustion, but it did only that.  Large areas of the tunnel, those outside the fuel plume, could not be studied.  To fill this need, undergraduate researcher Kemit Finch began work on a freestream particle seeder, particularly the fluidizer as show in Figure 3.  Freestream seeding involves larger volumes, and hence requires seeding more particles into the flow.  Thus the freestream seeder would need to be much larger than the fuel seeder.  Starting with the design of the current seeder, Finch determined that the fluidizer would have to be 20x larger.  Adopting Mosher’s ability to see gas and particle interactions, Finch employed transparent acrylic for the fluidizer’s walls.  Surrounding this acrylic Finch located a reinforcing stainless steel tube with cut-out holes for windows.  A “porous plug” at the fluidizer bottom prevented particles from going upstream into the seeder while allowing air to pass through and evening the flow across the fluidizer 7.


Finch also researched a freestream particle injector, the device that adds the particle-rich gas into the wind tunnel.  He utilized the work of Franco Tao, described in “The design, operation and performance of a prototype steam injection system for a supersonic combustion wind tunnel.”  The research showed that the best way to seed the flow was to inject the gas at “45° to the oncoming flow” (24).  In addition the article explained that the dynamic pressure should have an injector-to-freestream ratio of 20:1.  Thus Finch created his design.  As his design was difficult to fabricate, he tested an available injector using a temporary test rig and determined this “to be a viable alternative to this project’s injector design” (36).  However, he also noted that his new injector could be employed if the available one “proves ineffective” (37) on the operational seeder 7. 

The freestream seeder, unlike the current fuel seeder (Figure 2, page 9), does not use a particle shearing nozzle.  The Aerospace Research Laboratory obtained de-agglomerated particles that are not supposed to agglomerate.  If tests show otherwise, then a shearing nozzle may be installed.  This nozzle was first implemented on Dr. Smith’s seeder for NASA.  Using the Venturi effect to pull the particle-rich gas in, the nozzle employed the high pressure rise across a shock wave to shear the particles into smaller ones.  The Aerospace Research Laboratory adopted this concept for use on the fuel seeder 3.  Barrick and Aims designed and built a shearing nozzle for the seeder.  Though testing proved it not completely adequate, an effective shearing nozzle was included in the final fuel seeder by Dr. Goyne 1, 3.


Other techniques are available to eliminate the particles of unacceptable masses.  Scott Ledig created a particle separator for his particle seeder work.  It involved a sharp curve in the airflow, which forced the massive particles outwards into a tube that siphoned them off 12.  David Aims applied Ledig’s research towards the fuel seeder difficulties 1.  Though John Robichaux showed there were problems with the method, with more work it could help reduce the particle problem 15.  Another method, used by Louis Mosher, involved using impactor plates.  These plates force particle-rich gas through ever smaller unaligned holes.  In the process, the particles slam against the impactor plates, fracturing them.  However particles may fill and obstruct the holes, stopping the particle seeding.  Another method for limiting massive particles involves the particle fluidizer.  By spinning the flow, these massive particles can be sent to the edge, allowing only little particles out through the centralized exit 13.


For evaluating particle seeding, Owens developed a process to determine the characteristics of the particles.  In short, he placed a tube into the exhaust of a particle seeder and vacuumed the particle-rich flow, which passed through filters to separate out the particles.  He then used a Scanning Electron Microscope to study the particles and evaluate their sizes and shapes 9, 15.  Finally he applied this data to roughly determine the ability of the particles to follow the flow and to scatter light for PIV work 15.  Goncz tested this research and found an error that skewed results toward the massive particles.  However, this error could be corrected for future seeder testing 9. 

The above discussion presents research relevant to this project.  Some of it forms the basis for the design and construction of the freestream particle seeder, covered in the following two sections.  The rest relates to possibilities for future work, which are beyond the scope of this research.

Seeder Design

As noted in the preceding chapter, Kemit Finch worked towards creating a freestream seeder.  His research focused on designing a freestream fluidizer (Figure 3, page 9), planning a freestream injector, and testing a current particle injector.  Finch, however, never actually began construction on the freestream seeder.  Thus the first step in continuing the seeder research was to review his results.  Calculations confirmed all of his results except the flow rate through the filter.  The Author’s calculated flow rate ended up being approximately 55000x smaller than Finch’s 0.012 m/s.  It seems that Finch’s use of ρparticles instead of (ρparticles – ρair) in the settling velocity equation may be partly to blame for this difference.  Nevertheless, this discrepancy proved to have little effect on the seeder.

Though most of Finch’s calculations were confirmed, several factors prevented direct incorporation of his fluidizer into the larger seeder system.  First Finch left the ends of his fluidizer open, whereas they needed to be closed in order to maintain internal fluidizer pressure.  Further he did not disclose how these ends connected to the rest of the seeder system.  Without some sort of connection, the seeder could not use his fluidizer.  Second, Finch included a porous filter plug in his design.  However, he failed to provide direction as to how to mount the filter in the actual fluidizer assembly.  Finally, Finch’s O-ring design proved problematic.  O-rings are required to maintain internal fluidizer pressure and prevent particle leakage between flanges and, via the gap between the flange and acrylic, through the windows in the steel tube.  Finch’s plan called for using small 1/16 inch O-rings on the welded flanges.  In addition, each ring sealed not only the gap in the radial direction (between flanges), but also longitudinally (the stainless steel/acrylic annulus).  Thus each O-ring pulled double duty, something they are not intended to do.  


Thus from the above difficulties the Author found it necessary to reevaluate Finch’s work and come up with a new design.  This new fluidizer is illustrated in Figure 4, shown lying on its side with bottom left.  Based heavily on Finch’s design, it includes an inner acrylic tube, an outer stainless steel tube with windows, socket weld flanges, blind flanges, end fittings, and a porous plug.  But it also shows major changes, correcting the aforementioned problems and including a few additional improvements.  


For the bottom of the fluidizer, where the air enters the fluidizer, several modifications are evident.  First, socket weld flanges take the place of the inner blind flanges.  These new flanges facilitate flange-to-steel-tube welding.  Second, extra O-rings improve sealing.  No longer do O-rings seal in two directions simultaneously; rather, one o-ring seals between the flange and acrylic while others seal between flanges.  To mount the porous filter in the fluidizer, a third end flange was added.  The filter disc sits in a depression cut in the middle flange and is held in place by the bottom flange.  A face-sealing O-ring located in a groove in the middle flange prevents air from flowing around the filter.  To ensure a somewhat uniform flow into the fluidizer, the bottom flange incorporates a machined hollow.  The cut provides .25 inches to achieve quasi-uniform flow before entering the fluidizer and, as pressure acts normal to surfaces, tapers 0.25 inches from the female fitting for added strength.  


For the top of the fluidizer assembly, a few changes can be seen.  Like the bottom assembly, single-mode o-rings seal the joints.  Unlike the bottom where the acrylic sat in a step in the middle flange, the acrylic passes through the socket weld flange and fits in a groove in the blind flange.  Most of the design work for the top, however, focused on fitting the necessary components onto the outer flange.  This was a challenging task, since four parts needed to fit within the small 3.5 inch circle allowed by the acrylic.  The biggest piece was the particle port, a 1 inch National Pipe Thread (NPT) fitting that allows operators to add particles to the fluidizer.  Next there were two 3/8 inch NPT to Swagelok fittings, one venting the particles to the wind tunnel and the other running to a pressure gauge.  Finally there was a 1/2 inch NPT stainless steel relief valve, meant to pop and release the internal pressure should it become dangerously high.  Complicating matters, the particle vent needed to be close to the center for best seeding and every piece had to have clearance around it.  To tackle this challenge, the Author used AutoCAD 2000 to slightly move the different components until they all fit reasonably well.  

The final area of the fluidizer changed was the central portion, consisting of the acrylic tube and the stainless steel pipe.  The length of the stainless steel tube decreased because the acrylic sat down in the flanges and the stainless needed to be cut for squared ends.  The windows also shrank in size, going from 8” x 2.5” to 7” x 1”.  Reducing the windows increased the strength and safety of the fluidizer.  The windows also moved towards the ends of the steel tube, to better view the desired regions of the fluidizer.  

Though perhaps the most important piece, the fluidizer is not the complete seeder; rather it is just one of several pieces that must work together for proper operation.  The modified freestream fluidizer fit into a new overall particle seeder design.  Figure 5 shows a simplified version of the final design.  As can be seen, the current fuel seeder (Figure 2, page 9) heavily influenced this design.  Like the fuel seeder, a primary line runs through the fluidizer and a bypass line circumvents the fluidizer.  The two seeders also employ a metering valve for precise flow control into the fluidizer and several ball valves for cutting flows on and off.  

Though the freestream seeder originated in the fuel seeder, major differences exist between the two systems.  First, the fuel seeder primarily uses hydrogen from external gas cylinders.  The freestream seeder will run off air from the Aerospace Research Laboratory’s compressor system or, if it needs more pressure, will use available compressed air tanks.  Second, as seen in Figure 2, three lines exist in the fuel seeder through which the hydrogen can flow.  Two of these lines are the aforementioned primary and bypass, but the third was included for improved flow control.  However, it showed very little effect and has been eliminated from the freestream seeder.  The lack of a particle storage hopper in the freestream seeder presents another difference.  For the freestream seeder, particles are simply loaded through a 1 inch NPT fitting located on the top flange.  Upon carefully comparing the two designs, one may notice that a further difference is the lack of a particle shearing nozzle on the freestream seeder.  Since the construction of the fuel seeder, the Aerospace Research Laboratory moved towards using deagglomerated particles, thereby eliminating the need for the nozzle.  Should the particles not perform up to expectations, a particle shearing nozzle could replace the T-section joining the primary and bypass lines downstream of the fluidizer.  A final distinction of the freestream seeder is the use of a rotameter assembly to measure the flow in the seeder.  When not using the rotameter, especially when one wants to avoid accumulation of particles in the rotameter, the whole track can be bypassed via inserting a special three-piece assembly.  This assembly consists of a ball valve and two connectors.  Though it will take a little effort to substitute the assembly, the assembly was designed to facilitate this process.

This was the design process for the freestream particle seeder.  The Author reviewed and improved Kemit Finch’s freestream fluidizer and fit it into an overall seeder based on the Laboratory’s current fuel seeder.  Further detailed schematics of the seeder and a list of necessary parts were prepared.  All this laid the groundwork for the next step, seeder fabrication and assembly.  Even with all this work unexpected problems arose in the construction stage, necessitating some revision to these plans, as detailed in the next section.    

Seeder Construction


Construction, the next phase of development for the freestream particle seeder, was to be a simple and straightforward process.  This step used the immense preparation from the previous stage as the basis for the work.  Only ordering, machining, inspecting and assembly of parts needed to be done.  Despite all this, construction proved to be more challenging than expected as delays, design modifications, manufacturing errors, and other unexpected problems complicated the process.  However, all these problems were eventually overcome and particle seeder construction advanced.


First the parts for the freestream seeder were collected.  Most of the major parts came from McMaster-Carr.  These pieces included the stainless steel and acrylic tubes, the socket weld and blind flanges, the pressure gauges, and a few other components.  For the filter, Applied Porous Technologies specially manufactured a metal filter disc.  This disc needed to cover the hole in the flanges, allow gas flow through at a reasonable rate, and prevent transit of 0.5 μm particles.  Though the actual particles are 0.3 μm diameter, this porosity is acceptable.  The fittings (valves, elbows, etc.) came from Swagelok because of their ability to directly connect copper tubing.  In addition to all these pieces, the Aerospace Research Laboratory already possessed a few key parts.  Copper refrigerator tubing was available and the freestream injector and pressure regulator came from previous research projects.  


Following schematics, the stainless steel tube and all five flanges were machined.  With this process complete, welding the steel tube to the socket weld flanges could take place.  As the welds held the piece together, it was essential that they be strong enough to take the loads and stresses found in normal operation.  To correct for the improperly designed welding grooves (denoted in the notches in the socket weld’s rim), the welders machined stainless steel rings to fit inside the groove.  They then tack welded the flanges to the tube before welding the rings to both the tube and the flanges.  The tack welds only held the pieces in place; the welded ring, rather, would carry most of the load.

At this point several problems became stumbling blocks for the project.  First of all, the acrylic tube would not fit inside the stainless steel tube.  Upon close inspection, Dr. Goyne determined that welding produced a ridge, which narrowed the inside diameter of the stainless steel tube.  Next the O-rings sealing the acrylic tube created difficulties.  O-rings that generated the desired compressive load could not be delivered in a timely manner.  Further, because of off-center welding, any O-ring used would experience uneven compression.  The effect produced good sealing on one side of the acrylic and poor sealing on the other.

To solve all these problems, the fluidizer was modified.  Dr. Krauss of the Aerospace Research Laboratory cut the acrylic tube into four panes of 9” x 3”, large enough to cover the windows in the steel tube.  To prevent an accumulation of particles on the window’s ends and ease airflow in the fluidizer, the pane’s edges angled roughly 45o.   The panes were then epoxied and fixed inside the stainless steel tube.  Locating the windows inside also improved the seal, as the fluidizer’s internal pressure pressed the acrylic panes against the stainless steel.  This modification to the original design was easier and faster than trying to fit the entire acrylic into the steel tube and solve the O-ring problems.  But most importantly, these changes were effective.

Moving beyond the fluidizer, the overall seeder experienced numerous changes.  These changes can be seen below in Figure 6, with various flows denoted by arrows.  Several of the changes were small, such as including an additional part or removing an unneeded piece.  But the seeder also underwent several significant changes.  First the seeder flipped, easily seen when compared with Figure 2 (page 9).  The reason for this change was that the regulator Dr. Goyne found had its inlet on the right and outlet on the left.  Incorporating this regulator into the original design would have meant some complexity to the tubing near the regulator.  A second change is that the main control assembly for the seeder, consisting of metering and ball valves, now resides near the top of the fluidizer assembly.  Though this was necessitated by a low mounting of the fluidizer on a board, moving the pieces up also made it easier for the operator, as he no longer needed to bend all the way down to control the seeder.  The third major design change involved rearranging the main control assembly.  This altered the main control assembly from a straight path to a “T” intersection.  A fourth design change, to be completed in the near future, will be to delete the removable ball valve at the rotameter site.  A three-way ball valve will replace the current setup and allow air to either flow directly to the freestream injector or first through the rotameter.  

Several steps followed for assembly of the seeder.  The mounting board was prepared, which involved cutting it to size as well as making cutouts for the fluidizer.  Next the board was primed and painted.  With this complete, all the fittings parts were laid out on the board.  Then tubes, especially cut for the seeder, connected the various fittings before tube supports finally locked the assembly into place.  

At the time of this writing, a few steps remain for seeder installation.  First the mounting board must be anchored to the table in the tunnel room.  Then, and only then, can the fluidizer be safely mounted on the board.  Finally two lines, one coming from the compressor system and one going to the freestream injector, must be attached.  Once this is complete, the freestream particle seeder is ready for testing.   

This was the construction process for the freestream particle seeder.  Testing, unfortunately, is outside the scope of this project.  However, much work was accomplished and a nearly complete freestream seeder was constructed.
Concluding Remarks


This project focused on the design and construction of a freestream particle seeder for the Aerospace Research Laboratory’s Supersonic Combustion Facility.  This project continued and extended the research of a previous undergraduate, Kemit Finch.  Though Finch planned a freestream fluidizer (Figure 3, page 9), incomplete plans and O-ring problems necessitated a redesign.  With his work as the basis, the fluidizer evolved into that of Figure 4, page 10.  This fluidizer included a filter mount, socket weld flanges, blind end flanges, smaller windows, fittings, and single mode O-rings.  This redesigned fluidizer and Finch’s tested particle injector became integral components in a new overall seeder design.  Though based heavily on the current fuel seeder, the new freestream differed in that it had two flow lines, no shearing nozzle and a rotameter.  After modifications to correct problems as well as make improvements, the design became that of Figure 6, page 10.  Finally Dr. Goyne, Dr. Krauss and the Author assembled the seeder plumbing, mounted it on a specially cut board, and prepared for final installation.  The new freestream seeder will be mounted next to the old fuel seeder in the tunnel room of the Aerospace Research Laboratory.  


This project made great strides but also faced limitations.  The project resulted in a sound seeder design that satisfies the users’ needs.  Further, the project produced a nearly complete seeder, with only a few steps remaining to make it operational.  On the other hand the project showed limitations.  One goal of this project was to verify and validate the particle seeder, to show that it fulfilled all requirements and objectives.  Beyond that, the Author wanted to apply this freestream seeder towards PIV research on scramjet engines.  Various issues arose throughout the course of the project that made these goals unattainable.  However, though this document is complete, the project will continue at the Aerospace Research Laboratory throughout the rest of the academic semester. 


This project makes a contribution to scramjet research.  With the freestream particle seeder, more data on scramjets can be generated.  Also, the Supersonic Combustion Group believes that seeding the entire airflow will enable the PIV computer program to run more effectively, eliminating or reducing the 

aforementioned problems 7.  This velocity data can then be made available for other scramjet research, possibly CFD analysis.  

This project continued the work of Finch and brought the research to its current state.  But that is not the end; rather it is the foundation of future research and particle seeder work.  First, as the this project could not include full system testing, someone will need to verify that the seeder operates as expected.  This work should also include the particle analysis procedure developed by Owens and evaluated by Goncz.  If the 

seeder shows problems, modifications will need to be made to the system.  A potential problem could be created by massive particles.  If they occur, then one or several techniques mentioned in Chapter Three can be employed to fix the problem.  The most likely solution will be a particle shearing nozzle, as it has been proven effective with the current fuel seeder.  Other techniques, however, could be employed to solve the problem.  Also, if the particles are not entering the wind tunnel well, then a new injector may be required.  This could be one based on Finch’s design or a new design.  These are potential research projects for the future.  
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