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Abstract An experimental investigation into free and impinging underexpanded jets is described. Mie
scattering, shadowgraph visualization, and Multigrid Cross Correlation Digital Particle Image Velocimetry
(MCCDPIV) are used to obtain measurements in underexpanded jets with nozzle pressure ratios ranging
from 3 to 7. Obtaining monodisperse seeding proves to be the most difficult aspect of the measurements,
with olive oil being used a seeding particle. The PIV technique proves capable of resolving the flow even in
shock dominated regions when used with high resolution, showing good agreement with the shock locations
determined via the shadowgraph technique. PIV measurements in the impinging flows are less successful,
though this may be related to the fact that Mie scattering measurements suggest the flow is not steady in
time.

1. Introduction
Underexpanded jets remain a phenomenon deserving of study, due to their ubiquity within the
aerospace industry, and the ongoing lack of quantitative experimental data concerning their
structure. Even after over fifty years of theoretical, numerical and experimental investigation, a
complete understanding of the structure in the compressible nearfield of these jets remains beyond
reach. Due to their high speed and shock dominated nearfield, measurements in underexpanded jets
remain a challenging prospect. Any kind of intrusive probe fundamentally alters the shock pattern,
and therefore by extension the overall structure of the jet. Only with the ascendance of non-intrusive
optical techniques have quantitative measurements in the nearfield become possible at all. With the
advent of these newer techniques, the gaps in understanding left by purely qualitative measurements
are gradually being filled. Recently, velocity measurements have been taken via Particle Image
Velocimetry (see: Yuceil et al. 2000, Alvi et al. 2001, Krothapalli et al. 1999), Laser Doppler
Velocimetry (see: Clancy and Samimy 1997, Clancy et al. 1999), and Spectrally Resolved Rayleigh
Scattering (see Panda and Seasholtz 2004). Qualitative visualization, and identification of shock
locations has been performed by authors too numerous to list 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, using techniques such as Spectrally Resolved
Rayleigh Scattering (again see Panda and Seasholtz 2004), and Background Oriented Schlieren (see
Venkatakrishnan 2005).
Despite the resurgence of interest and application of new techniques, there is a large information
deficit to be filled before the phenomenon of underexpanded jets could be classified as well
understood. In addition to the already complex flow structure of the free jet, there is significant
interest in the impingement of underexpanded jets for VSTOL and cold spray applications, (see
Alvi et al. 2001, Krothapalli et al. 1999, Jodoin et al. 2006, Henderson 2002), supersonic jets in
crossflow for scramjet fuel injection (see Ben-Yakar et al. 2006, Aso et al. 2005), supersonic jets in
co-flow for propulsion and fuel injection (see Magre et al. 2001), and numerous other applications.
The development and refinement of measurement techniques are necessary endeavours if
quantitative understanding of the basic phenomena and all its variations is to be obtained. This
paper describes an initial investigation into the use of Particle Image Velocimetry as a quantitative
measurement technique. Some of the challenges of using a technique such as PIV in high speed
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flow are discussed, and results presented for a range of jet conditions. The study first investigates
free jets, examining the effect alteration of back pressure has on the flow field. This is followed by
an introductory study of impinging jets at a range of pressure ratios and impingement distances. As
mentioned briefly above, impinging jets have recently received increased attention due to their
importance in VSTOL propulsion applications (Krothapalli et al. 1999), as well as the Cold Spray
technique (Jodoin et al. 2006). Despite some very promising experimental work measuring the
mean flow field (Krothapalli et al. 1999, Alvi et al. 2001), quantitative instantaneous results are still
lacking.

2. Theory
The shock system within underexpanded jets is relatively well understood, being easily observable
by optical techniques such as shadowgraphs and Schlieren. A basic understanding of the shock
dynamics is necessary background to any investigation into a flow of this type. Refer to Figure 1 for
a shadowgraph image of an underexpanded jet, and Figure 2 for schematics of the jet structure. As
the back pressure in a nozzle is increased past the choking point, a series of expansion waves forms
at the nozzle exit lip. These expansion waves are formed due to the pressure differential between
the jet and the ambient air. These waves propagate outwards in the radial direction until they
intersect the jet boundary. At this point they are turned inwards as compression waves, which turns
the jet flow inwards. At the free jet boundary there must be zero pressure differential, so an internal
wave intersecting the boundary is turned inwards as a wave of the opposite family. However, this
initial expansion region also contains weak shocks emanating from the nozzle lip. At low pressure
ratios these initial shocks form straight lines that meet at the jet centreline. As the pressure ratio is
increased however, these shocks become curved, and are referred to as incidence or barrel shocks
(Panda and Seasholtz 1999, referencing Adamson and Nichols 1959). At the lower pressure ratios,
the incident shocks intersect at the jet centreline, creating a uniform shock compression zone at the
centre of the flow. At higher compression ratios however, the barrel shock forms a Mach Disk at the
centre of the flow. The Mach Disk is a strong shock, as opposed to the weak incidence shocks,
creating a more strongly discontinuous flow condition. The Mach disk is bounded by a series of
oblique shocks that reach from the edge of the Mach disk to the jet boundary. Passage of fluid
through the Mach Disk produces a significant reduction in velocity, while passage through the
oblique shocks produces a substantially smaller reduction. This creates slip lines in the flow, on the
outside of which exists high speed, supersonic flow, while in the jet interior immediately
downstream of the Mach disk possesses subsonic flow. The two streams of differing velocity then
mix, returning the velocity at the centre to supersonic values, commencing a new expansion
process. This cycle continues until pressure within the jet matches that of the quiescent medium.

Figure 1: Shadowgraph of underexpanded jet NPR=5. Colours reversed for clarity
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Figure 2: Schematics of underexpanded jets
Top) Weakly underexpanded jet with conical compression zones
Bottom) Strongly underexpanded jet with central Mach Disk

Impingement adds additional complexity to the shock structure in an underexpanded jet as can be
seen in Figure 3. In addition to the shock structures inherent due to underexpansion, impingement
produces a bow shock above the substrate. This interacts with the jet shocks to form a triple point
shock configuration. A slipstream is formed at this triple point, separating the recirculation bubble
beneath the bow shock from the higher velocity flow that becomes the wall jet. There is no pressure
differential across this slip line, as in the free jet, just a difference in entropy, velocity and
temperature. The formation of structures in the impingement process is still poorly understood (Alvi
et al. 1999).

Figure 3: Schematic of impinging underexpanded jet. From Grujicic et al. 2003
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Figure 4: Overview of experimental setup

3.1 Apparatus
The experimental investigation consisted of three separate techniques. Mie Scattering visualization
was used to investigate basic flow structure, allowing for qualitative determination of spreading rate
and identification of turbulent structures. Shadowgraph visualization was then used to determine
shock locations within the flow. Finally, Particle Image Velocimetry was used to take quantitative
measurements of the flow field. For all measurements, a PCO Sensicam QE Doubleshutter at
1280x1024px was used to record images. For the Mie Scattering and PIV, a Quanta-Physics
Nd:YAG laser at 532nm was utilized. The laser was dual cavity, with a pulse width of 6ns and a
maximum output of 200mJ. For the shadowgraph images a 200mW continuous laser was used to
illuminate a ground glass plate onto which the images were projected. For seeding the flow as
required by Particle Image Velocimetry, an in-house designed Laskin seeder was used. This
consisted of a cylindrical vessel with three inlets and one outlet. See Figure 4 for a simplified
schematic of the experimental rig. Two inlets were connected to Laskin nozzle rakes as per Kahler
(2002), with the third inlet acting as an air bypass. The seeded air was transferred to a stagnation
chamber, and then exhausted through a 4mm converging nozzle. In this paper, the different jets will
be described by the nozzle pressure ratio (NPR), i.e. the ratio of the stagnation pressure behind the
nozzle, to the ambient pressure. The ratio of throat pressure to ambient pressure is also presented.
3.2 Mie Scattering
Mie Scattering is the process of observing light scattered from spherical (or approximately
spherical) particles, where the wavelength of the light is on the order of the size of the particle.
Particle Image Velocimetry depends on this principle, so acquiring Mie Scattering images is simply
a matter of taking single images illuminated with a single pulse of laser light, from the same
experimental setup as is used for PIV.
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3.3 Shadowgraph Visualization
Shadowgraph visualization is a relatively straightforward method of qualitatively observing density
changes in a flow field. It is perhaps the most common visualization technique for identifying shock
locations in compressible flow. Shadowgraphs are simply a measurement of the linear displacement
of light that has been perturbed by passage through regions of differing refractive index, i.e. regions
of different density. To create a shadowgraph, all that is required is a volume of light projected
through the region of interest. In the present investigation, a 532nm continuous laser beam at
200mW was spread through a pair of glass cylindrical rods into a light volume. This volume was
projected through the test section onto a ground glass plate. The CCD camera was then used to
image this glass plate to record the shadowgraph images. It should be noted that all shadowgraphs
in this experiment are averaged over at least 10 µs, meaning that any periodic instabilities or
disturbances with a period shorter than this would be averaged out. Techniques such as spark
schlieren/shadowgraph allow for images with exposures on the order of tens of nanoseconds to be
obtained.
3.4 Particle Image Velocimetry
Particle Image Velocimetry is a well established optical technique for the measurement of velocity
fields. It involves the seeding of a flow with refractory particles, which are then illuminated by a
high intensity light source, usually a pulsed laser. A camera, usually utilizing a CCD array, records
two single-exposure images with a small time interval between them. Comparison of the relative
location of the point light sources created by the reflection of light from the refractory particle
yields the individual particle displacements. A correlation method is then used to estimate the local
flow velocity. To do this the two images in the pair are superimposed on each other, then divided up
into discrete areas referred to as “interrogation windows”. It is important to understand that as the
size of the interrogation windows (denoted IW0) increases, the spatial averaging of the PIV
technique is increased, reducing the ability to resolve fine scale structures. This can be a limiting
factor in high speed PIV, as the requirement to keep particle displacements a certain fraction of IW0
(usually 25%) conflicts with the desire to keep IW0 small.
The Multigrid Cross-Correlation Digital Particle Image Velocimetry (MCCDPIV) algorithm for
analysing the image pairs is described in Soria (1998). It utilizes an adaptive technique to increase
the velocity dynamic range while reducing the bias and random errors inherent in standard
CCDPIV. The adaptive technique is based on the principle that the locations of the interrogation
windows in the two images of the pair do not necessarily have to coincide. By obtaining a local
velocity estimate using a large interrogation window, the second interrogation window can then be
displaced by converting this velocity estimate into a displacement. This displacement effectively
increases the measurable dynamic range of velocity and reduces the uncertainty of the
measurement. This is advantageous when examining high speed flows, where the high particle
displacements may necessitate the use of large interrogation windows.
3.5 Challenges
The application of PIV to a flow of this kind produced numerous challenges, some of which have
been touched on in earlier sections. Obtaining proper seeding for the flow proved to be the greatest
obstacle, and is an issue remaining under investigation. The seminal work in the Laboratory on
flows of this kind used Aluminium Oxide seeded through a cyclonic type seeder, after the design of
Glass and Kennedy (1977). This seeding mechanism proved to be highly unsteady, failing to
produce monodisperse seeding or even steady jet operation (Mitchell, 2005). The second iteration
of the experimental facility utilized olive oil provided via a Laskin nozzle, as described in Section
3.1. At lower pressures, such as that used in Jets 1 & 2 described in the next section, the seeding
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system operated almost flawlessly. However, as pressure and thus mass flow increased, liquid oil
became entrained in the flow, polluting the PIV recordings. As a sidenote, it was found that even
once the oil level dropped below the level of the Laskin nozzles, the vessel continued to provide
seeding. It was discovered by visual inspection that the air flow through the Laskin nozzles was of
sufficient velocity that a cyclonic effect was created within the vessel, with sufficient momentum to
fluidize the bed of oil. The seed density in this condition was not controllable, and more liquid oil
tended to be entrained into the flow. Further investigation into this phenomenon is under way.
Additional challenges were provided by the triggering and synchronization of equipment. Despite a
stated interframing time of 200ns, the Sensicam camera experienced “bleed” between the two
images in a pair at low time intervals (below about 500ns). This limit required the use of larger than
ideal interrogation windows, however the Multigrid aspect of MCCDPIV adequately dealt with this
issue. Jitter in the triggering signal at very low ∆t was also a problem, one that is yet to be
addressed.

4. Results
4.1 Free Jet Results
Free jets at a range of pressures are studied. As mentioned in Section 2.0 the internal shock
structures change with pressure. Table 1 presents the experimental conditions for the free jets. All
jets have a nozzle diameter of 4mm.
Table 1: Experimental conditions
Jet

Back Pressure

P0/Pa

P*/Pa

1
2
3
4

300
400
500
600

3
4
5
6

1.6
2.1
2.6
3.2

Equivalent Mach
Number
1.36
1.56
1.71
1.83

4.1.1 Mie Scattering
Figure 5 presents a sample instantaneous Mie image for Jet 1. The interaction with the quiescent
fluid is evident in the transition from the initial potential core flow on the left of the image to the
clearly turbulent regions downstream. The generation of Kelvin-Helmholtz instabilities in the shear
layer can be seen after a few nozzle diameters downstream. No shock structures are visible in the
Mie images, however information about the instantaneous structure of the jet that is not available in
shadowgraph images is still evident.

Figure 5: Instantaneous Mie scattering image for Jet 1. x/d 0-20 shown.
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4.1.2 Shadowgraph Visualization

Figure 6: Shadowgraph visualizations. Top left: Jet 2 at NPR=4. Top right: Jet 3 at NPR=5
Bottom: Jet 4 at NPR=5

Referring to Figure 6, the influence of pressure ratio on jet structure is immediately apparent. At
NPR=4, the jet is in a weakly underexpanded condition. While the incidence shocks are evident,
there is no Mach Disk apparent. At NPR=5 a definite Mach disk is visible in the core of the jet
flow. The intersection point for the incidence shocks has also moved downstream with increasing
pressure ratio. As the pressure ratio is increased to 6, the growth of the Mach Disk is evident, as it
comes to dominate more cross-sectional area of the jet flow.
4.1.3 Particle Image Velocimetry Measurements
MCCDPIV measurements were taken at a range of resolutions. The resolutions relevant to the
measurements in this paper are listed in Table 2. IW0 denotes the size of the initial interrogation
window, and IW1 denotes the size of the iterative interrogation window in the MCCDPIV Multigrid
process.
Measurement
Low Resolution
Medium Resolution
High Resolution

Table 2: MCCDPIV Measurement Parameters
Magnification (px/mm)
IW0 (px) [mm]
IW1 (px) [mm]
42.7
(64) [1.5]
32 [0.75]
80
(96) [1.2]
32 [0.4]
98.5
(96) [ 0.98]
32 [0.33]
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Figure 7: High Resolution MCCDPIV results for Jet 4 nearfield. Left) Sample instantaneous velocity contour.
Right) Mean streamwise velocity vectors averaged over 300 images. Every fourth vector shown for clarity.

MCCDPIV results for the nearfield of Jet 4 are displayed in Figure 7. Of primary interest is the
region at x/d=1.5 to 2.5. From the shadowgraph visualizations, we know that the first normal shock
occurs at x/d = 1.5. We can see that the PIV has resolved this shock quite well, with only a slight
delay in the onset of velocity reduction. The minimum velocity should of course occur immediately
after the shock, rather than slightly downstream of it as is shown in Figure 7. This effect can be
attributed to particle lag. The characteristic “double hump” in the velocity profile is the result of the
slip lines in the flow separating supersonic flow near the edges from subsonic flow in the core.
Several recent studies have identified this flow phenomenon (Yuceil et al. 1999, Panda and
Seasholtz 1999).
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Figure 8: Medium resolution MMCDPIV mean velocity field for Jet 3. Average taken over 300 images.

The MCCDPIV results for the medium resolution study of Jet 3 are shown in Figure 8. Here the
shock cells along the length of the flow are evident. Once again the drops in velocity can be seen to
roughly coincide with the shock locations visible in Figure 1. Unlike the high resolution study
however, we are not accurately resolving the minimum velocities in the core of the jet. Due to the
particle lag delaying the location of the minimum velocity till further downstream, and the lower
resolution of this particular measurement, the PIV averaging technique is obscuring the minimum
velocities.
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4.2 Impinging Jet Results
4.2.1 Mie Scattering

Figure 9: Instantaneous Mie Images of Jet 1 impinging on a plate at x/d=2. Images are 0.25s apart

By examination of the sequence of Mie Scattering images in Figure 9, instability is evident in the
jet structure. It should be noted that with a sampling rate of only 4Hz these images must be
considered statistically independent. In addition to the vortical instabilities in the shear layer, the jet
itself is experiencing lateral oscillation. It must be assumed that this motion is fully three
dimensional, though that cannot be determined from these images. This instability only commences
once the jet reaches sonic conditions. As pressure ratio increases the instability appears to diminish,
so it is suggested it only exists for a certain range of pressures/velocities. Henderson (2001)
mentions several modes of instability in underexpanded impinging jets, including helical,
asymmetric or axis symmetric disturbances within the jet. It is suggested that one of these
mechanisms is at work here. With a flow as unsteady as the one shown here, there is clearly little
point in obtaining time averaged velocity fields for this jet. Additionally, at an image acquisition
rate of only 4Hz, it is difficult to ascertain the precise nature of the instability. Future experiments
with a camera capable of 40kHz are planned.
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4.2.2 Shadowgraph Visualization

Figure 10: Shadowgraph visualizations for impinging jet cases.
Top left: Jet 2 impinging on plate at 2D. Top right: Jet 4 impinging on plate at x/d=2
Bottom left. Jet 3 impinging on plate at x/d = 4. Bottom right: Jet 3 impinging on plate at x/d =4

Figure 10 presents a series of shadowgraph images for the impingement cases. In all cases the
nozzle is located on the left, with flow from left to right, with an impingement plate on the right.
The upper two images compare the shock structure between two jets at the same impingement
distance, but different pressure ratios. At the higher pressure ratio, a much larger bow shock is
evident, as is interaction between the Mach disk and the reflected shocks. The lower two images
compare the same jet at two different impingement distances. The effect of the substrate shock on
altering the shocks within the free jet is immediately apparent. The Mach disk has changed in size
substantially, as have the angles and lengths of the oblique shocks. A more complex bow shock/jet
interaction is evident in the jet with the plate at x/d=2.
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4.2.3 Particle Image Velocimetry Measurements
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Figure 11: MCCDPIV velocity fields. Mean taken over 300 images. Every second vector removed for clarity
Left) High resolution measurement of Jet 4 impinging on plate at x/d = 2
Right) Medium resolution measurement of Jet 2 impinging on plate at x/d = 4

Figure 11 presents two MCCDPIV mean velocity fields for the impinging jet cases. In the case for
Jet 4 impinging at x/d = 2, the shock line is seen to be clearly resolved, however beyond that point
in the flow little structure can be seen. In the case for Jet 2 impinging at x/d = 4, the shock
structures in the jet, as well as the substrate shock, are apparent. However the resolution appears to
be insufficient to resolve the near wall region adequately. Seeding is also a problem in this region,
where particles are seen to be impacting on the substrate itself, where their destruction ejects liquid
oil back into the flow domain.

5.0 Conclusion
A range of optical techniques have been applied to the investigation of free and impinging
underexpanded jets. Despite the numerous challenges associated with its implementation in flows of
this nature, Particle Image Velocimetry has demonstrated an ability to resolve the key structures
within an underexpanded jet. The results are particularly promising when the relatively small size of
the nozzle is considered. As the jet structures scale with the nozzle diameter, much larger nozzles
would allow for substantially easier resolution of shock structures. In flows with larger structures,
particle relaxation distance will represent a smaller fraction of the jet geometry, meaning shocks
will be resolved with smaller error. PIV measurements of impinging jets proved more challenging,
due to destruction of the tracer particles in the impingement process, and an excess of scattered light
from the impingement plate.
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