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Abstract

An experimental investigation of underexpanded axissymmetric
supersonic jets is presented. Particle Image Velocimetry is used
to obtain quantitative measurements of the velocity field, while
a high framerate shadowgraph technique is used to assess shock
position and stability. The PIV technique demonstrates the abil-
ity to consistently resolve the instantaneous velocity field, with
major flow characteristics such as shock structures clearly ev-
ident. The shadowgraph images show that at lower pressures
the shock structures are highly unstable, demonstrating peri-
odic oscillation in angle and position, while in the highly un-
derexpanded condition the location of the Mach disk is stable.
A discussion of limitation due to optical resolution and particle
fidelity is presented, concluding that the system is more lim-
ited by inadequate particle fidelity post-shock than sensor limi-
tations.

Introduction

Supersonic free shear flows, such as circular and planar jets,
have occupied the attention of researchers for over half a cen-
tury. Understanding the characteristics of supersonic jets is crit-
ical to the optimization of thrust generation for rockets and gas
turbines. The bulk of research in supersonic jet flows has fo-
cused on the sound generation mechanisms associated with the
phenomenon of “screech”, where instability waves in the jet in-
teract with the shock cells formed due to underexpansion to cre-
ate acoustic waves.

However, screech only occurs over a relatively small range
of the potential operating conditions of supersonic jets. The
screech phenomenon disappears at relatively low levels of un-
derexpansion, meaning that jets at higher pressure ratios have
received substantially less attention. However these high pres-
sure ratio jets occur in many instances of both the aerospace
and machining industries, and a better understanding of their
physics is required.

A lack of experimental data is still evident for supersonic jets,
due to the inherent difficulties in obtaining measurements in
supersonic free shear flows. The use of any form of intrusive
probe is rendered difficult due to the speed at which the fluid
is moving; any solid obstacle in the flow will induce a normal
shockwave and fundamentally alter the flow. This means only
optical or acoustic techniques offer any hope of producing valid
measurements. Acoustic techniques have been used extensively
in the measurement of screech, however the information they
provide about the flow field is very limited. This leaves optical
techniques as the only viable means of obtaining the majority
of the data required to characterize the flow. A number of opti-
cal techniques are available that are capable of measuring vari-
ous fluid properties such as velocity, pressure, temperature, and
scalar transport.

Velocity measurements have been taken via Particle Image Ve-
locimetry (see: [27], [1], [10], [3]), Laser Doppler Velocime-
try (see: [5], [4]), and Spectrally Resolved Rayleigh Scattering
(see [16]). Qualitative visualization, and identification of shock
locations has been performed by authors too numerous to list

Figure 1: Experimental Facility

over the last fifty years, using techniques such as shadowgraphs
and Schlieren. Quantitative measurement of flow scalars such
as density and temperature are also beginning to emerge, us-
ing techniques such as Spectrally Resolved Rayleigh Scatter-
ing (again see [16]), and Background Oriented Schlieren (see
[24]). Due to the inherent difficulties in implementing even op-
tical techniques, the majority of these measurements are limited
to mean-field studies, with instantaneous velocity fluctuations
proving too challenging to measure. Some studies such as [17]
have been able to produce high sampling rate measurements,
however these are at a single point rather than in a plane.

Experimental Methodology

The experiments described herein were conducted in the Labo-
ratory for Turbulence Research in Aerospace and Combustion
Supersonic Jet Facility. A schematic of the facility is provided
in Figure 1. The Jet Facility was fitted with a 5mm converg-
ing nozzle. Air was supplied to the plenum chamber via two
flowpaths, denoted A and B. A compressed air line from a fac-
tory compressor was used to supply the plenum via flowpath A,
while flowpath B was supplied from compressed gas cylinders
via a seeding device. Valves on both inlets allowed the contribu-
tion from each flowpath to be balanced to obtain optimal seed-
ing density. After the seeded and unseeded air streams mixed
inside the plenum, they were accelerated through the converg-
ing nozzle to sonic velocities. The jet was situated within a glass
cage to minimize contamination of the laboratory space by seed
particles. The edges of the cage were 30 nozzle diameters from
the jet centreline. Only the nearfield of the jet was investigated,
i.e. from 0-10 nozzle diameters.

Measurement Technique - Particle Image Velocimetry

Particle Image Velocimetry is a well established optical tech-
nique capable of obtaining planar-field 2-component velocity
information from a flow. Its non-intrusive nature makes it ideal
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for measurements in supersonic flows, though the requirement
for the introduction of solid seeding particles into the flow can
be problematic. The Multigrid Cross-Correlation Digital Par-
ticle Image Velocimetry (MCCDPIV) algorithm for analysing
the image pairs is described in [22]. It utilizes an adaptive based
on the principle that the locations of the interrogation windows
in the two images of the pair do not necessarily have to coin-
cide. By obtaining a local velocity estimate using a large inter-
rogation window, the second interrogation window can be dis-
placed by converting this velocity estimate into a displacement.
This displacement effectively increases the measurable dynamic
range of velocity and reduces the uncertainty of the measure-
ment. This is advantageous when examining high speed flows,
where the high particle displacements may necessitate the use of
large interrogation windows, and large velocity gradients may
be present.

A PCO 4000 camera mounted orthogonal to the jet, with an ar-
ray size of 4008x2760 pixels was used to image the flow. To
improve the framerate to 0.5Hz the region of interest was re-
duced to 4008x1800 pixels. The camera is fitted with a 105mm
Micro Nikkor Nikon lens set at an aperture of f 5.6, and a 25mm
spacer to increase the magnification of the system. Particles
within the flow were illuminated by a laser sheet generated from
a Nd:YAG laser at 532nm wavelength, with 80mJ pulse energy.

The high resolution of the PCO 4000 allows this study to be
conducted at a significantly higher spatial resolution than some
previous studies in this area. Unfortunately this is somewhat
offset by the substantially smaller jet diameter, meaning the gain
in resolution relative to the scale of structures in the flow is re-
duced. It is difficult to provide a direct comparison as many pre-
vious studies have not provided sufficient information to deter-
mine the spatial resolution of their measurements. As a point of
comparison, [3] conducted a series of PIV measurements with
a spatial resolution of 130µm/px, whereas the current study has
a spatial resolution of 10.7µm/px. However the nozzle used in
the work of [3] had a diameter of 25mm, whereas the present
study utilizes a nozzle of only 5mm diameter. Thus in non-
dimensional terms, the spatial resolution based on final interro-
gation window size was 0.17d for the work of Chauveau et al,
and 0.07d for the present study. These experimental parameters
are presented in Tables 1 and 2.

Parameter Value

Optical Magnification 0.84
Magnification [px/µm] 0.09

Spatial Resolution [µm/px] 10.71
δt 480ns

Fstop 5.6
Pixel Size 9µm
Array Size 36.1mm x 16.2mm

Velocity Dynamic Range 61.8dB

Table 1: Optical Parameters

Parameter Value Non-Dimensional Value

IW0 96px 0.21d
IW1 32px 0.07d

Grid Spacing 16px 0.03d
Depth of Field 0.4mm 0.08d

Table 2: Non-dimensional PIV Parameters

Flow Seeding

The selection of an appropriate seed material is important in all
PIV studies, however it is of critical importance when consider-
ing supersonic flows. Large velocity gradients, particularly due
to shockwaves, mean only the very smallest particles will fol-
low the flow faithfully. Variations in density within the flow will
also result in non-uniform distribution of particles within the
flow ([23]). However, Urban and Mungal cite [18] as demon-
strating that “particles need only track the velocity variations
from one PIV interrogation region to another, and that velocities
along gradients too steep for the particles to follow will never-
theless be reflected faithfully in the average values reported for
their interrogation region”. Therefore one should endeavour to
ensure that particles will respond to steep velocity gradients suf-
ficiently quickly as to accurately represent the spatial average
velocity for a given interrogation window. However with the
constant improvement of available resolution on CCD arrays,
as well as the limitations imposed by other particle selection
criteria, this may not always be feasible.

The most significant velocity gradients in underexpanded jets
are those caused by the strong normal shocks in the core flow
of strongly underexpanded jets, and to a lesser extent the weak
oblique shocks present in both strongly and weakly underex-
panded jets. A shockwave is a discontinuity in the flow, often
only several microns across, which is well below the resolution
of current PIV systems. Shockwaves represent a step decrease
in flow velocity, and the response of seed particles to this step
decrease must be quantified.

The characteristic equations for particle response to shocks as
detailed in [23], as well as [12] and [11], are presented here.
Melling specifies that the standard methodology for quantifying
particle response is particle relaxation time, denoted τt . Parti-
cle relaxation time is defined as the time after a step change in
flow velocity required for the velocity lag |V̂ | = |ÛP − ÛF | to
be reduced by a factor of 1

e = 0.368, Melling provides the basic
equation from which the particle relaxation time is to be es-
timated, stating that empirical estimates of the drag coefficient
for the particles are required. [23] conducted an extensive inves-
tigation into the behaviour of particles across oblique shocks,
taking from [12] a definition for the drag coefficient of

CD =
24

ReD(1+2.7Knd)
(1)

Here Kn is the Knudsen number, determined by the ratio of the
mean free path of the gas l to the particle diameter:

Kn =
l

dP
(2)

The Knudsen number is included as a correction for the fact
that continuum assumptions are somewhat tenuous for suffi-
ciently small particles. Both theoretical and experimental in-
vestigations have shown that the resistance of a particle to flow
decreases as the Knudsen number increases ([19].
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Thus from the drag coefficient in Equation 1, the particle relax-
ation time can be expressed as:

τp =
ρpd2

p

18µ
(1+2.7Knd) (3)

Equation 3 demonstrates that particle response depends on both
particle and fluid characteristics. As the fluid characteristics
will be defined by the flow in question, only particle density
and diameter can be varied by the user. Ideally both should be
minimized to achieve an optimal relaxation time, however in
practice there are limits on both parameters. Density will be
determined simply by the material available, while minimum
possible diameter will be defined by both the powder type and
the optical limits of the system.

To calculate the mean free path, we refer to kinetic gas theory:

λ =
RT√

2πd2
aNAP

(4)

Here NA is Avagadros number, da is the diameter of a typical
air molecule. Temperature variation is neglected as trivial com-
pared to other terms, and the nominal diameter of air is taken
as 3 angstroms. Taking the stagnation pressure in the plenum (a
maximum of 500kPa for this study) and the atmospheric pres-
sure as the upper and lower bounds yields a mean free path
ranging between 2×10−8 and 1×10−7 for the flow conditions
considered.

Here pigment grade titanium dioxide (TiO2) was used. Previ-
ous studies have used silica dioxide ([3], [27]) aluminium oxide
([21], [13]), olive oil ([10], [14]), as well as TiO2 ([9], [23]).

The pigment grade TiO2 has a nominal particle diameter spec-
ified by the manufacturer of 0.4µm, however no information
about the range of sizes is provided. A better knowledge of par-
ticle geometry was necessary if a precise estimate of relaxation
time was to be made. The TiO2 particle size distribution, sur-
face area moment mean (D[3,2]) and the mass moment mean
(D[4,3]) were determined using a Mastersizer 2000 (Malvern
Instruments Ltd, UK), employing a Scirocco dry powder feeder.
The particle feed rate was controlled using the variable feed-rate
vibrating tray whilst dispersion was achieved by accelerating
particles within a compressed air stream, together with particle
and wall collision.

Figure 2 shows the particle size distributions for two samples of
the TiO2. One sample was taken of particles and agglomerates.
The size distribution for this sample was bimodal, with peaks at
0.52µm and 75µm. This suggests the bulk of the agglomerates
are on the order of 150 times larger than the individual parti-
cle sizes. A second sample was taken without agglomerates to
provide statistics on the individual particle size. The median
measured particle diameter without agglomerates was 0.56µm,
with a span of 1.032µm. 10 percent of particles have a diameter
below 0.33µm and 90 percent have a diameter below 0.88µm.

Figure 2: Particle size distribution for TiO2 sample

Figure 3: Particle size distribution for TiO2 sample

Figure 4: Particle size distribution for TiO2 sample
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Thus an approximate relaxation time based on mean particle di-
ameter can be calculated, as well as relaxation times based on
agglomerate size, as well as upper and lower percentile bounds.

Depending on the local pressure, particles with a mean diame-
ter of 0.55µm will experience a particle relaxation time of be-
tween 4 and 6 µs. At a velocity of 550ms−1, which corresponds
to the ideally-expanded velocity for a 500kPa reservoir, parti-
cles will move between 2 and 3mm in this time, which in non-
dimensional terms is 0.4d-0.6d. Particles in the tenth percentile
at 0.33µm, will experience a maximum particle relaxation time
of 1.5-2.5µm depending on flow conditions, corresponding to
a relaxation distance of 0.2-0.25d. In the 90th percentile, the
maximum relaxation time will be 10-13µm, with a relaxation
distance of approximately 1.2d. The relaxation time of the ag-
glomerates is not worth considering, as they will leave the mea-
surement region before attaining anything close to the correct
velocity.

Referring to Table 1, the spatial resolution based on final win-
dow size is 0.07d. For our system to be sensor-limited rather
than particle-limited, our particles would have to achieve their
“true” velocity within a single interrogation region. It is evident
from the above calculations that will not be the case, even for
particles in the tenth percentile. Consequently in the region fol-
lowing the Mach disk, particle lag effects will play a far greater
role than sensor constraints in limiting the faithfulness of the
returned velocities. The substantial variation in relaxation dis-
tance across the span of the distribution also reduces confidence
in the measurement downstream of shocks.

The variation in particle size across the distribution will also
introduce bias errors in the post-shock region. The variation in
response to the shock will result in a non uniform displacement
of the particles, despite the actual fluid velocity being constant.
This will result in reduced displacement-correlation peaks ([25]

Figures 3 and 4 show scanning electron microscope (SEM) im-
ages of the TiO2 powder. In addition to the equivalent diameter
of the individual particles, the shape is also of interest. Par-
ticle Image Velocimetry is based on the recording of light re-
flected by Mie Scattering. Mie theory assumes spherical parti-
cles, however as the images demonstrate the shapes of the par-
ticles are quite irregular. This can have a significant impact on
the ability of the PIV technique to faithfully resolve the flow.
As particles of irregular shape move through the flow, they will
experience rotation as well as translation. Thus the cross sec-
tion presented to the incident light sheet will vary from moment
to moment. This can mean a particle will return a large amount
of scattered light in one image of a pair, but not in the next. This
reduces the strength of the correlation peak, and thus the ability
of the PIV system to faithfully resolve the flow.

Seeding Apparatus

In addition to the importance of selecting an appropriate seed
material, a method for seeding the fluid flow is required. A
number of different approaches are available, as detailed in [12].
Previous work by the authors used a cyclonic seeder design [13]
based on the work of [8], a Laskin droplet generator [15], and a
cyclonic seeder based on the design of [3]. The current design
utilizes a hybrid fluidized bed / cyclone system, with the tan-
gential air injection point at the bottom of the powder bed. The
seeding level produced by this device was substantially more
stable than the previous pure cyclone system, though still far
from ideal.

Measurement Technique - Shadowgraph

Shadowgraph techniques have been in use for several hundred

years, and in the last century have been a popular method of vi-
sualizing shock structures in compressible flow. Shadowgraphs
are less sensitive to density gradients than their Schlieren coun-
terparts, however strong gradients such as those generated by
shock structures are clearly resolved.

In the present suite of experiments, a Shimadzu Hypervision
camera capable of acquiring images at a framerate of 1MHz has
been used to acquire shadowgraph images. This exceptionally
high framerate allows for examination of time resolved evolu-
tion of shock structure within the jet. Light is provided by a
CREE XRE-Lamp LED producing 110 lumens of light. This
light is collimated through a pair of 100mm diameter lenses and
projected through the jet directly onto the CCD array. Supply
of light was constant, with no pulsation or triggering.

The sharpness of the images is limited by the distance between
the jet and the CCD array. While this has been reduced as much
as experimental geometry allows, sensitivity and image sharp-
ness are reduced by distance, a ”‘contact”’ shadowgraph being
the optimal case.

Shadowgraph images were acquired here at a framerate of
500kHz. Each image had an exposure time of 0.5µ s, and se-
quences of 100 images were acquired, with camera gain set at
30x.

Results

Axisymmetric Free Jet - PIV

A typical raw PIV image of the jet operating at a nozzle pres-
sure ratio (NPR) of 2.5 is displayed in Figure 5. This is a dou-
ble exposed image of the Mie scattering from the seed parti-
cles in the flow. The immediate expansion following exit from
the nozzle is evident, as is a bright region corresponding to the
first Mach disk. Though the lack of freestream seeding makes
structures in the shear layer less clear, turbulent breakup via
Kelvin-Helmholtz instabilities are still evident some distance
downstream of the Mach disk. While the clear evidence of the
Mach disk in the raw PIV image is helpful as a flow visualiza-
tion, it is also demonstrative of variation in fluid density result-
ing in variation of seed density. This makes optimizing seed
density in the flow difficult, making the extraction of velocity
information via PIV more challenging.

Figure 5: Raw PIV image for NPR=2.5

Weakly Underexpanded Jets

Jets in the weakly underexpanded condition, with NPR ranging
from 1 to 1.85 were examined. Pressure ratio was determined
by measuring stagnation pressure via a transducer, then calcu-
lating critical pressure using basic isentropic relations. Mean
samples for each jet are taken over 184 image pairs. The num-
ber of image pairs was dictated by the available buffer on the
camera. The entrainment field was not seeded during these
experiments, which meant that seed density was at times too
low for the PIV algorithm to extract velocity data in the shear
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Jet NPR M1/M2 Shock Spacing (x/d) Last Shock (x/d)

1.3 1.03 0.5 1.5
1.6 1.11 1 3
1.85 1.2 1.3 6

Table 3: Weakly underexpanded jet shock structures

layer. Turbulent structures in the shear layer were still evident in
the instantaneous realizations, however the number of rejected
vectors was higher than in the core of the jet. All velocities
shown are normalized against the theoretical nozzle exit veloc-
ity, where the flow is sonic at 315ms−1, due to the difficulties of
taking measurements exactly at the nozzle exit.

The first jet considered is nominally in the ideally expanded
condition, at NPR=1. However examination of the exit veloci-
ties suggest that the jet is actually a subsonic jet at M=0.9.

As expected, there is no evidence of shocks when NPR=1.
However, as the back pressure is increased, shocks are imme-
diately evident in the flow. This is evident in the oscillation of
velocity observed in Figure 7, where mean centreline velocities
for the jets are plotted at various pressure ratios.

As the back pressure increases, so too does the strength of the
shocks, and at NPR=1.85, the shocks begin to take on appre-
ciable curvature immediately following exit from the nozzle as
depicted in Figure 6. This curvature indicates an approach to
the strongly underexpanded region defined as NPR > 2.0, as de-
tailed in [6]. This transition to the strongly underexpanded con-
dition occurs when the initial expansion from the nozzle exit be-
comes sufficiently high that recompression cannot be achieved
in the conical “cell” bounded by the oblique incident shocks
from the nozzle lip. At this transition point, the pressure differ-
ential becomes sufficiently high that a normal shock is required
to achieve the necessary level of recompression.

Figure 6: Mean normalized velocity contour for NPR=1.85
taken over 184 images.

The centreline velocities for the four weakly underexpanded jets
are plotted in Figure 7. The increasing strength of the shocks
with increasing NPR is evident from the greater magnitude of
oscillation in the centreline velocity for the NPR=1.85 jet. The
influence of pressure ratio on shock spacing is also evident. The
jet at NPR=1.3 has the highest frequency oscillation of velocity,
while the shocks for NPR=1.85 are much more widely spaced.
Figure 7 also shows that the shock train decays faster for jets at
lower pressure ratios. Approximate values of these three char-
acteristics of the shock structure are presented in Table 3. The
location of the termination of the shock train is simply defined
here as the point at which no further periodic oscillation is ob-
served.

Figure 7: Centreline normalized velocity for weakly underex-
panded jets.

The RMS velocities along the centreline of the four jets are plot-
ted in Figure 8 to examine the influence of shock structures on
velocity fluctuations. The range considered here is from 0 to 4
x/d to improve clarity. There are four possible primary sources
of variation in the recorded RMS values. The first potential
cause is variation in the velocity amplitude, caused by variation
in shock strength. The second is variation in velocity phase,
caused by variation in shock location. The third is noise in
the data (either amplitude or phase) due to the failure of the
PIV algorithm to accurately construct the velocity field from
the recorded images. The fourth possible source of variation
is particle biasing effects downstream of the shock. Moment
to moment variation in particle distribution in the flow may re-
sult in a variation in particle relaxation time downstream of the
shocks, meaning each instantaneous data point will have a dif-
ferent level of “smearing” in the post-shock region. It is difficult
to ascertain from Figure 8 which effects are dominant. The case
of NPR=1 is useful as a baseline, as there are no shock effects,
and any RMS variation is simply due to fluctuations in the jet
and in the PIV process. There is a very slight periodic oscilla-
tion in the RMS with varying x/d for the underexpanded jets that
is not evident for the NPR=1 jet which may be due to the influ-
ence of the shocks. The RMS velocities in the initial core region
of the jet are very low, and increase as the fluid moves down-
stream. This increase is to be expected if the primary source
of RMS variation is fluctuations within the jet itself, rather than
fluctuations induced by experimental error.

Figure 8: Centreline normalized RMS velocity U/Ue for weakly
underexpanded jets.
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Strongly Underexpanded Jets

Figure 9 shows a mean velocity field for the jet at NPR=2.5. The
Mach disk in the core of the flow is evident at the point where
velocity in the core begins to decline at x/d = 1.2. The minimum
velocity does not occur until approximately x/d = 1.5. This de-
lay in the occurrence of minimum velocity is due to particle
lag effects. The relaxation distance of 0.3d is actually slightly
below the values predicted by theory earlier. While the equa-
tions used for particle relaxation are typically considered on the
conservative side ([12], it may also be that the exact location
of the Mach disk is slightly further upstream than the observed
point where velocity initially declines. The effects of oblique
shocks between the Mach disk and the jet core are also visible,
extending forwards at an angle from the Mach disk to the jet
boundary. The structure of the velocity field that can be deter-
mined from the PIV measurements is in accordance with the
theoretical work of [6] as well as the experimental findings of
studies such as [27].

Examination of the raw PIV image presented earlier shows a
region of high seed density at the location of the Mach disk. To
ascertain the effect this may have on the prediction of local ve-
locity, the mean velocity field is examined in more detail. For
the purposes of this brief examination, the jet is assumed to be
isothermal. While in practice this will not be true, the sound-
speed variation is assumed to be sufficiently small as to be neg-
ligible. Mach numbers upstream and downstream of the Mach
disk can then be calculated for the mean field, yielding values
of 1.5 and 0.4 respectively. From the normal shock relations
([2]), for an upstream Mach number of 1.5, the Mach number
downstream of a normal shock should be 0.7. Examination of
the instantaneous images reveals a similar discrepancy. It is sug-
gested that the variation in seed density due to local fluid density
variation is resulting in an underprediction of the velocity in the
region a short distance downstream of the Mach disk.

Figure 9: Mean normalized velocity contour field for jet at
NPR=2.5 taken over 92 images.

Axisymmetric Free Jet - Shadowgraph

Sample shadowgraphs are supplied for the weakly underex-
panded case in Figure 10 and for the strongly underexpanded
case in Figure 11. For the weakly underexpanded case, oscil-
lation of the shocks immediately following the nozzle exit was
evident. A flapping motion from left to right in the image was
evident, with the angles of the two oblique shocks varying.

For the strongly underexpanded case, no motion in the location
of the Mach disk was evident. At this pressure ratio the first
Mach disk is sufficiently strong that the flow remains subsonic
downstream of it, rather than returning to supersonic conditions
as seen in the PIV of the NPR=2.5 jet.

The oscillations evident in the weakly underexpanded case are

of particular interest in reference to the RMS values obtained
from the PIV measurements. The variation in angle and po-
sition will result in both phase and amplitude variation in the
RMS values. Thus for the weakly underexpanded cases, the
influence of shock oscillation on the PIV results will be signif-
icant. While this could potentially be addressed through phase
locking, this would require the use of acoustic sensors, and sig-
nificant additional experimental complexity.

Figure 10: Shadowgraph for underexpanded jet at NPR=1.5

Figure 11: Shadowgraph for underexpanded jet at NPR=7

Future Considerations

The PIV measurements and theoretical calculations herein both
suggest that the measurements are primarily particle-limited
rather than sensor-limited. Using the current optical system and
holding all other parameters constant, to reduce the particle-lag
below the spatial resolution limit of 0.07d would require a TiO2
particle with a diameter of 0.2µm. This is certainly attainable,
as the literature describes TiO2 particles with nominal diameters
of 0.015µm ([23] and [26]), as well as other metal powders with
diameters measured on the order of several nanometers ([9] [3].
However these are nominal particle sizes, and agglomeration
must be accounted for. Methods of dealing with agglomeration
are described in the literature such as the use of cyclonic sepa-
rators ([3]) and shearing nozzles ([9]), and these may prove suf-
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ficient to keep the mean particle diameter low enough that res-
olution ceases to be particle-limited. Only once this is achieved
can the true benefits of high resolution CCD arrays such as the
PCO 4000 be fully realized for supersonic flows. It should also
be noted that the influence of particle fidelity varies inversely
with nozzle geometry. Structures such as shocks scale based on
nozzle diameter, as diameter is increased, the size and spacing
of shocks increases accordingly. Particle response time is un-
affected by experimental geometry, thus a larger nozzle would
mean an improved response in non dimensional terms.

The variation of seeding density with local fluid density is also
evidently a potential problem. This is not a new concern, and
some literature exists regarding potential solutions ([20]), how-
ever further research will be devoted to this area. The link be-
tween fluid density and particle concentration offers a useful
tool for planar visualization of density gradients, as detailed in
[7], however it is potentially limiting when attempting to extract
velocity information.

Conclusions

A series of high spatial-resolution measurements have been
taken in underexpanded jets in both the weakly and strongly un-
derexpanded condition. Local structure was resolved in both the
instantaneous and mean fields. The resolution of the measure-
ments in the region around the normal shocks was demonstrated
to be particle-limited rather than sensor-limited. Obtaining a
steady level of flow seeding with minimal agglomeration con-
tinued to prove the principal challenge in supersonic free shear
flows.
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