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ABSTRACT
The purpose of this study was to develop a high framing-rate particle image velocimetry and planar laser Mie scattering
system for use in a drop tower and apply it to the study of a turbulent jet-flame in a crossflow (JFICF). The system
developed represents a major advance in the state of the art of microgravity combustion diagnostics. It uses a 75W, Qswitched, diode-pumped Nd:YAG laser, a 1000 micron core-diameter fiber-optic cable and a 1024x1024 pixel CMOS
camera to acquire scattering images. A counterflow-injection particle seeding technique was developed for seeding
flames in low-gravity. The system was then used to examine a hydrogen jet-flame in a crossflow (momentum flux ratio
of 7, Re = 900) under normal and low-gravity conditions at the University of Texas Drop Tower Facility. The largescale structure of the JFICF was examined with PLMS imaging at 2kHz frame-rate. High frame-rate (6 kHz) PIV was
used to study velocity and vorticity fields of the JFICF. The preliminary results indicate that kilohertz PLMS and PIV
provide a powerful tool for investigating the dynamics and turbulent structure of microgravity JFICF.
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1. INTRODUCTION
The turbulent jet-flame in a crossflow (JFICF) is a flowfield of theoretical and applied importance. The JFICF
serves as a simplified model for more complex combustion systems such as fuel-injectors and oil-well flares.
Accordingly, the JFICF has been the focus of a great deal of research, both theoretical and experimental. Previous
studies (Rao et. al. 1982) have shown the trajectory of a JFICF scales as a power-law of its momentum-flux ratio,

r = ρ j u 2j ρ cf ucf2
(where ρ j = jet density,

u j = jet-exit velocity, ρcf = crossflow density and ucf = crossflow velocity) per the relation
x
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(where d is the jet-exit diameter, x is aligned with the jet-exit direction, z with the crossflow direction). This powerlaw scaling is clearly appropriate for momentum dominated JFICF, but it has not been established conclusively that it
applies to buoyancy-influenced flames also.
Buoyancy has long been known to affect the large-scale structure of turbulent-flames and jet-flames in a
crossflow (Becker et al. 1978, Rao et al. 1982). Study of this effect is severely complicated by the difficulty of isolating
buoyancy from competing effects in the system. One particularly useful method for studying the effect of buoyancy on
these flames is to compare flames in normal gravity to similar ones in a microgravity environment, such as can be
produced in a drop-tower.
In the past decade planar laser diagnostics (in particular particle image velocimetry and planar laser-induced
fluorescence) have become an integral tool in the study of JFICF (Hasselbrink 1999, Han et al. 2001). Applying these
diagnostics in microgravity, and in particular in a drop-tower, is quite challenging. Difficulties specific to a droptower
include size, power and weight constraints, equipment survivability, short run times and attaining reliable flow seeding.
Although PIV has been successfully demonstrated in microgravity, including on flights aboard parabolic trajectory
aircraft (Most et al. 2000) and in drop-towers (Dong et al. 2003), its potential has yet to be fully realized.
This paper focuses on the development and implementation of a multi-kHz frame-rate fiber-optic-based planar
laser Mie scattering/particle image velocimetry (PLMS/PIV) system at the University of Texas Drop Tower Facility
(UT-DTF) and its application to the study of a turbulent hydrogen jet-flame in crossflow under normal and low-gravity
conditions.

2. EXPERIMENTAL FACILITIES AND APPARATUS
The PIV/PLMS system uses a large core-diameter fiber-optic cable to deliver pulses from a diode-pumped
Nd:YAG laser into the drop-rig as it falls down the drop-tower during a low-gravity test. A set of optics in the drop-rig
are used to shape the beam into a laser sheet, which is then directed into the test-section of a flow facility mounted in
the rig. The laser light scattering from alumina particles seeded into the flow is imaged by a high-frame-rate CMOS
camera system.
2.1 UT-DTF
Experiments are conducted in the UT–DTF, which stands 10.7m tall in total, with a cross-section measuring
2.5m x 2.5m. It is equipped with a catwalk platform work area at the top and 2-ton capacity electric hoist, mounted on
a roller trolley. Attached to the hoist’s chain is an Eastman Aircraft Corporation, quick-release cargo hook. This is used
to drop the rig from a height of approximately 9.1m from the floor. The catwalk area is accessed from a door located at
the top of the shaft.
At the bottom of the drop shaft is a deflatable-airbag-type deceleration mechanism. This airbag is contained
within a heavy container of dimensions 1.83m high by 1.7m long by 1.12m wide, constructed of welded steel C-section
channel. The bottom third (approximately) of the frame is lined with 3.1mm plate steel and the upper portion with
expanded metal. The airbag is attached to the steel plate lining the lower part of the steel frame. It is made of a 22oz
nylon-coated polyester material similar to that used in boat and trailer covers. The frame is bolted to the floor of the
drop shaft and is lined with a single 0.3m thick slab of stiff, high-density (“110lb”) polyurethane foam. The airbag is
pressurized using a radial blower with a 0.27m diameter cast aluminium blade. The blower is driven by a completely
enclosed, drip-proof 3-phase, 220V, 1120W motor. Upon impact of the drop rig/drag-shield, the airbag is deflated
through four spring-loaded rectangular blast gates mounted in the steel liner of the base of the container. The blast
gates are mechanically restricted in how wide they can open, so as to provide a measure of control of impact
deceleration. A Kistler Model 8303-A50 “K-Beam” capacitive accelerometer was used to measure a deceleration at
impact of 10-15g, well within the survivability limits of the on-board equipment.
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Figure 1. University of Texas Drop Tower Facility / Laser Diagnostics System

Taking the space required for the electric hoist, release mechanism, drag shield and deceleration box into
account, the drop distance available for the experimental rig is approximately 6.4m. This allows for approximately 1.1
seconds of low-gravity time.
2.2 Drop Rig
Low-gravity experiments are conducted in a selfcontained drop-rig that is described in detail in our previous papers
(Boxx et al. 2003, Idicheria et al. 2003). The rig is housed in an
aluminium frame provided by the NASA-GRC 2.2 Second Drop
Tower, which measures 0.965m long by 0.406m wide and stands
0.914m tall. The drop rig contains several subsystems, including a
blow-through jet-flame in crossflow facility, pressurized gas and
electrical systems, a computer control and data acquisition system
and elements of the PLS/PIV system such as the camera and sheetforming optics. Fully loaded, the drop rig has a mass of 117kgs.
A schematic diagram of the blow-through jet-flame in
crossflow-facility is shown in Figure 2. Its test section measures
0.203m×0.203m (cross-section)×0.61m (tall). The test-section has
a 0.2m×0.375m imaging window and a large (0.14m×0.368m)
laser access window opposite the jet-exit. Flow is exhausted from
a vent in the roof of the drop rig. The facility is driven by two
Jabsco Model 30500-0024 DC powered, 0.102m diameter, axial,
in-line blowers. The blowers are each rated at 0.111m3/s zero
downstream pressure drop. They are routed to a settling chamber
via 0.102m diameter, metalized polyester film ducts. Following the
settling chamber is a 25.4mm deep section of 3.12mm cell-size
aluminium honeycomb, used as a flow straightener and de-swirling
device. Following this is a layer of perforated plate and then a
flow-conditioning screen. The flow exits this flow-conditioning
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Figure 2. Schematic diagram of the blow-through
jet-flame in crossflow facility

device directly into the test section of the flow-facility. Volumetric constraints imposed by the drop-rig prevent the use
of a contraction between the settling chamber and the test section. The facility generates a crossflow velocity of 1.2m/s.
A jet of fuel issues perpendicularly into the crossflow from a 3.18mm diameter, circular orifice mounted flush
with one wall of the flow-facility test section. Fuel for the jet flows from a 6.35mm O.D. tube into a settling chamber
before exiting through an axisymmetric nozzle with a radius-to-diameter ratio of 5. Fuel for the jet flame is stored in
two 3x10-4 m3 stainless steel pressure vessels mounted on the (inside) roof of the drop-rig. Fuel flows through 6.35mm
O.D. stainless steel tubing from each of these vessels to two separate pressure regulators and then on to choked micrometering valves, which regulate the mass flow rate of the system. Line-pressure is read by Omega PX-236 pressure
transducers and stored in the memory of an on-board computer. Solenoid valves are used to turn on and off the flow.
An on-board computer is used to automate the drop-rig and control the timing and sequencing of the
experiment during a drop test. The computer is a custom-configured, passive back-plane type machine from
CyberResearch Inc. It has an Intel Celeron 466MHz CPU card and 256MB of RAM. It is equipped with a 1.2GB
solid-state, IDE hard drive. The hard-drive is mounted in a shock-isolation chassis inside the computer to protect it
from the force of impact. The computer runs on the Windows NT operating system. The computer controls the
pressurized gas and flow-facility blower systems using solid state relays connected to a National Instruments PCI6023E analog/digital I/O data acquisition (DAQ) card via an SCD-68 breakout panel. It also reads in and stores data
from the Kistler model 8304-B2 “K-beam” capacitive accelerometer and Omega PX-236 pressure transducers mounted
in the rig.
Power for the solenoid valves, blowers and on-board computer system comes from two hardened, onboard
24V-5A.h. battery packs developed by NASA-GRC. The camera (to be described later) is powered by a separate 12V,
12A.h. sealed lead-acid battery. Electricity is routed to the various systems in the rig using a generic power distribution
module developed by NASA-GRC.
During a low-gravity test, the drop-rig is
enclosed within the drag-shield shown schematically
in Figure 3. The drag-shield is used to minimize the
effect of wind-resistance (and thus background
acceleration levels) during a drop test. The drag
shield is designed to be bottom-heavy for stability
during impact. Its base is built from a 1.02m long
section of 0.508m diameter, Schedule-10 (6.35mm
wall thickness) steel pipe which was cut down the
middle. The half-pipe is fitted with a rubber-lined,
reinforced steel plate, which serves as the base upon
which the drop rig sits.
The remainder of the drag-shield is a lightweight rectangular shroud designed to totally enclose
the drop-rig. The shroud is composed of an
aluminium frame lined with 1.6mm thick 6061-T6
aluminium sheet metal. It measures 0.508m wide by
Figure 3. Schematic diagram of the drag-shield. The drag1.02m long and stands three inches taller than the
shield is designed to minimize wind resistance felt by the
drop rig it was designed to shield. The sheet-metal
experiment during a drop. The drop-rig is placed inside the
liner of the shroud is hinged on four sides to allow
drag-shield.
easy access to the drop-rig. The shroud is attached
to the base with four hardened steel cotter pins.
During a drop-test, the rig is suspended from the drop-tower release mechanism and the drag shield hangs
suspended on the drop rig. At the initiation of the drop, the rig is released. There is no physical anchor between the rig
and the shield and the two are free to move with respect to each other. Being on the outside, the drag shield begins to
decelerate due to the wind resistance and move relative to the drop rig. This effectively shields the drop rig from the
effects of wind-resistance induced deceleration. By the end of the drop test, the drag-shield and the drop rig are almost
in contact with each other.
2.3 PLMS System
The PLMS system uses a large core-diameter fiber-optic cable to deliver pulses from a diode-pumped
Nd:YAG laser into the drop-rig as it falls down the drop-tower during a low-gravity test. A set of optics in the drop-rig
are used to shape the beam into a laser sheet which is then directed into the test-section of the flow facility. There, the
laser light scatters from alumina particles seeded into the flow and the scattered light is imaged by a high-frame-rate
CMOS camera system. Each of these components will be described in detail in this section.
2.3.1 – High power, diode-pumped Nd:YAG Laser
The PLMS system uses a high repetition rate, high average power, diode-pumped Nd:YAG laser (Corona,
Coherent Inc), which operates at repetition rates of up to 25kHz. The laser has a peak time-averaged power output of
75W at 532nm, though this power output is reached only when operated near the 10kHz repetition rate. The laser has a
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4mm diameter beam which is multimodal (M2 ~ 25) and has a 5mrad divergence. Its pulsewidth is 160ns. The
combination of long pulsewidth and low per-pulse energy output makes this laser ideal for use with the fiber-optic
PLMS at it keeps the laser intensity well below the damage threshold of the fiber.
2.3.2 – Fiber
Laser pulses for the PLMS system are carried from the Microgravity Combustion Laboratory (“Laser lab” in
Figure 1) to the drop-rig via a fiber-optic cable. The cable is 39.6m long and has a 1000µm core-diameter and is made
of "Optran-UV" fiber material (Ceram Optec). The fiber has a pure fused silica core with a fluorine doped fused silica
cladding. The cladding diameter is 1060µm. The fiber has a laser damage threshold of 5.4kW/mm2 at 1060nm
wavelength and a numerical aperture of 0.22. It is non-solarizing, meaning it can pass light in the ultraviolet spectrum.
The cable is fitted on either end with SMA-905 adaptors.
As shown in Figure 1, light from the laser is coupled (in the laser lab) into the fiber via a 25.4mm diameter,
100mm focal-length, plano-convex spherical lens. This lens is placed such that its focal point is located slightly in
front of the fiber face. This is essential as placing the focal point behind the fiber face may result in a localized beamintensity above the fibers damage threshold. Efficient laser/fiber coupling required highly accurate alignment. As
such, the input end of the fiber was mounted on a three-axis translation stage.
2.3.3 – Sheet forming optics
As shown in Figure 1, the fiber-optic cable is brought into the drop rig vertically through a hole at the top.
Outside the drop rig, the fiber is supported on a lightweight aluminium structure with a rounded, 470mm diameter bend
radius. This rounded support prevents the fiber from exceeding its minimum bend radius prior to a drop-test and acts to
prevent snagging, entanglement or whiplash damage to the cable during a test. In order to prevent damage to the fiber
caused by the drag shield during impact and deceleration at the end of a drop, the fiber enters the rig through a 190mm
long, 38mm diameter bored out aluminium rod.
Inside the rig the fiber is connected to an SMA fiber-optic mount, which is used to rigidly support the fiber
and maintain its position before and during the experiment. The beam leaving the fiber is non-Gaussian and has
multiple transverse modes. It expands according to the fibers numerical aperture of 0.22 and has an M2 value of over
200 (Idicheria, 2003). The rapidly expanding beam is collimated using a 50.4mm diameter, 300mm focal length planoconvex spherical lens. The collimated beam is then turned 90deg using a 50.8mm dichroic mirror and aligned with the
horizontal axis of the rig. Following its re-orientation, the collimated horizontal beam is focused using a 50.4mm
diameter, 300mm focal length, plano-convex spherical lens and expanded into a sheet using a 25.4mm wide, 38.1mm
focal length plano-concave cylindrical lens. The laser sheet is directed into the flow-facility using another 50.4mm
diameter dichroic mirror. All optics are mounted on optical rails made of Bosch strut using 10mm T-nuts and standard
12.7mm diameter optical post mounts.
2.3.4 – Camera
A high frame-rate CMOS camera (Fastcam-APX, Photron Inc) was used to image scattering from the alumina
particles. The camera operates with 10-bit dynamic range and a resolution of 1024x1024 pixels. Its pixels measure
17µm square, and have a 60% fill factor. Operated in full-frame mode, it runs at up to 2000fps. It is electronically
shuttered with an independently controllable exposure time of down to 4µs. For the PLMS measurements the camera
was fitted with a 50mm Nikkor lens, giving a field of view of 125mm square. The usable imaging region was limited
by the width of the laser sheet to 78mm. A 10nm (FWHM) bandbass filter was placed in front of the camera lens to
eliminate background luminosity from the flame during the PLMS experiments. For the PIV measurements the camera
was fitted with a 105mm (Nikkor) lens operated at f/4 with a field of view of 53mm (or 26.5mm when operated in
512x512 pixel, partial frame mode). An interference filter was not used in the PIV experiments.
The camera is fully self-contained, with all electronics, memory and communications hardware mounted in a
small control box, which is attached to a remote head via a pair of cables. The control box is equipped with 2.6GB of
on-board memory, which allows for the acquisition of up to 2048 full-frame images per run. The control box is
operated from a Pentium III personal computer located in the drop-tower via an IEEE-1394 FirewireTM digital
interface. Images are also downloaded from the RAM in the control box via the FirewireTM connection. The camera
head and control box together weigh approximately 14.5lbs and are designed to withstand a 100-g shock-acceleration
for 10mS, which far exceeds the requirements for use in the drop rig.
2.3.5 – Seeding System
The hydrogen jet was seeded with aluminium-oxide particles. The particles are nominally 0.3µm diameter,
though due to particle agglomeration can have effective diameters somewhat larger. A significant problem in using
particle scattering techniques in microgravity has been the difficulty of attaining uniform seeding with sufficient
particle density (Greenberg, 2003). In a droptower, this problem is further complicated by the need for a fully selfcontained system compact enough to fit in a drop-rig.
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Figure 4. Counterflow
seeding system

Several attempts to use a conventional fluidized bed particle seeder in
microgravity failed as the weightless environment suspended the particles and
resulted in uncontrolled seeding, clogging the fuel injector and causing excessive
saturation of the images. The weightless conditions produced in the droptower
made effective use of a fluidized bed seeder unfeasible. In order to effectively
seed the flow, we designed the counterflow injection particle-bed seeder shown in
Figure 4.
In this seeder, the alumina particles are located in the bottom of a copper
cylinder and the fuel is injected as an impinging jet into the column. The fuel is
free to swirl, recirculate and homogenize in the hollow region above the injection
line before being exhausted in a direction perpendicular to the seeders major axis.
The seeded fuel is then routed directly to the JFICF facility’s fuel-injection port.
This injector design was found to be more robust and reliable than the fluidized
bed seeders commonly used in normal-gravity experiments.

3. RESULTS AND DISCUSSION
3.1 Experimental Conditions
The flowfield under study was a pure hydrogen jet-flame in a crossflow. The JFICF had a momentum flux
ratio of r = 7 , and Reynolds number of Red=uj d/ν = 900, based on jet-exit conditions. The jet-exit diameter and
velocity were 3.18mm and 30.8m/s respectively and the crossflow velocity was 1.2m/s. Hydrogen was used for this
experiment as its high blow-out velocity negates the need for a pilot flame, which in turn allows for a more compact
jet-exit design.
3.2 Time-resolved PLMS
Figure 5 shows the location of the PLMS and PIV imaging
windows relative to the jet-exit. In these preliminary measurements the
PLMS field of view and the laser sheet were not well matched owing to
space limitations in the drop-rig. This problem will be corrected in
future work. Since the laser sheet is somewhat smaller than the field of
view, the images were cropped by about 19% on each side. The PIV
field of view is smaller because of the different lens used (105 mm vs.
50 mm) and the subsampling of the array to 512×512 pixels. In each 1second microgravity experiment conducted at the UT-DTF, 2048
PLMS image were collected.
Figure 6 shows representative PLMS image sequences taken
in normal- and low-gravity. The images were acquired at 2kHz, using a
50mm, f/2.8 lens. Only every tenth image from the experiments are
displayed so more changes from frame to frame can be seen. Thus the
inter-frame time for this image sequence is 5 milliseconds. The field of
view of these images is 78mm square. Figure 6(a,c) represent two
typical sequences under low-gravity conditions, whereas Fig. 6(b,d)
represent typical normal-gravity sequences. Since the reaction zone is
Figure 5. Location of PIV and PLMS imaging
not visualized, it is difficult to determine exactly where the flame is
regions relative to jet-exit
located, but previous studies suggest that it sits just to the right and left
of the particles. In future work we will attempt to admit some of the
natural luminosity from the flame into the PLMS images so this can be determined less ambiguously.
A frame-by-frame inspection of the PLMS image sequences reveals several immediate differences between the
normal- and low-gravity JFICF. For example, in low-gravity, the large scale structures appear to roll up and convect
out of the field of view in a fairly regular manner. In normal gravity however, the same structures appear far more nonuniform, stretched and wrinkled. A similar observation has been made in non-premixed jet flames by Idicheria et al.
(2004) as they used PLMS imaging and showed more regular or coherent structures under low-gravity conditions. It
appears that buoyancy has the effect of disrupting the hydrodynamic instability of the jet flames and hence causing the
turbulence to be more disorganized.
Buoyancy also appears to affect the large-scale convection velocity of JFICF for the structures appear to
convect out of the field of view faster in normal-gravity than in low-gravity. The higher structure convection velocity is
also a result that is well-documented in straight jet flames (Idicheria et al. 2003) and is a result of the buoyant
acceleration that occurs under normal gravity conditions.
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6b) Normal-gravity
Figure 6 (See Caption on Next Page)
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6c) Low-gravity
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6d) Normal-gravity

Figure 6a-d. Sample time-sequenced imaging of the hydrogen JFICF (r = 7, Re = 900). The framing-rate was 2kHz
but only every 10th frame is shown. (a, c) represent two typical sequences under low-gravity conditions, whereas (b,d)
represent typical normal-gravity sequences.
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3.3 Time-resolved PIV
Figure 7a shows a typical sequence of particle scattering images acquired for the PIV runs. Here the framing
rate is 6kHz at a resolution of 512×512 pixels. This sequence was acquired in a low-gravity experiment-run. As in
the previous section, it was necessary to skip frames in the original data-set to enhance frame-to-frame contrast in this
paper. As such, only every seventh image is displayed in the figure. Figures 7b and 7c show the velocity and
vorticity fields corresponding to each frame in 7a. Interframe time for each PIV data-set was 167.67 microseconds
(the inverse of the frame-rate). The images were processed using an adaptive window offset, cross-correlation
software package (Innovative Scientific Solutions Inc., dPIV-2.0). The final cross-correlation window size was 32
pixels with 50% overlap, with the resulting field containing 32x32 vectors. The typical particle displacement between
frames ranged from 0.1 to 0.47mm.
The particle-image sequence appearing Figure 7a shows what appears to be a pair of counter-rotating fluid
structures (separated by a thin layer of low seed-particle density fluid) convecting from the lower left hand side of the
frame up and to the right. Given the orientation of the laser sheet and what we know of the topology of the JFICF,
this structure is likely a pair of shear-layer vortices. The complex, finely rolled-up structure observed in the particle
field is not apparent in the corresponding vector fields shown in 7b. This is not unexpected since the particles have a
very low diffusivity, and high-Schmidt number (Sc=ν/D, with D the mass diffusivity) turbulent flows are known to
exhibit such finely striated scalar structures (Buch et al., 1996).
The time-evolution of the vorticity field, computed from the velocity vector fields of Fig. 7b, is shown in Fig.
7c. Figure 7c shows two vortical structures, each with different signs of vorticity, convecting from the bottom to the
top of the field of view. These counter-rotating regions of vorticity are in apparent agreement with the counter-rotating
vortex pair observed in the particle images; however, the vortical structures are not spatially coincident with what
would be considered the vortex centres as inferred from the particle images. This is not a totally unexpected result
since it is well known that the scalar field can exhibit a different structure from the vorticity field because they are
governed by different transport equations. In fact, it is known that the scalar field can give a very misleading picture
of the vorticity field (Cimbala et al., 1988), because the scalar distribution is strongly affected by its integrated timehistory. This image sequence illustrates the care that must be taken when interpreting structural characteristics from
conserved scalar information.
PIV was not obtained in equivalent normal-gravity flames owing to time constraints, but detailed
comparisons between the low- and normal-gravity cases will be the major emphasis of future studies. Furthermore, in
the present study only the jet was seeded, which precludes our determining the velocity of cross-flow dominated fluid.
To remedy this, future work will be directed at developing a means to seed the cross-flow.
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7a) Raw Images
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7b) Vector Fields

7c) Vorticity Field
Figure76a-c. PIV imaging of the JFICF under low-gravity conditions. The framing-rate is 6kHz, r = 7,
Re = 900. Only every seventh frame is shown.
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4. SUMMARY
A multi-kHz frame-rate fiber-optic based PIV/PLMS system was developed and demonstrated in a
microgravity droptower. An innovative particle seeding technique for use in low-gravity environments was developed
and used. The system was used to study the large-scale structure and small-scale velocity, strain and vorticity fields of
a hydrogen jet-flame in a crossflow under normal and low gravity conditions. Preliminary results suggest a strong
coupling between buoyancy and the stability of large-scale structures in the JFICF. Preliminary results show that
excellent PLMS visualizations and high-quality (albeit limited resolution) PIV can be obtained in a drop tower. The
cinematographic information that can be obtained represents an important new tool for investigating the structure of
turbulent jet flames under microgravity conditions. Future work will be directed at developing the capability of crossflow seeding and in making much more extensive velocity measurements of low- and normal-gravity flames over a
wide range of conditions.
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