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The paper describes an investigation into the
structure of underexpanded jets, both in free flow and in their
impingement on a surface. Despite their prevalence in the
aerospace industry, the structure of underexpanded jets is still
relatively poorly understood. Particle Image Velocimetry and
Shadowgraph techniques have been applied to take some
initial measurements, as a precursor to a more in depth study
by the authors. Underexpanded jets represent an interesting
challenge for measurement due to their high speed and shock
dominated nearfield.
A series of underexpanded sonic jets, with
underexpansion ratios (UR) ranging from 1.5 – 3.5 were
studied using Shadowgraph techniques, Mie Scattering and
Particle Image Velocimetry. Measurements were taken with
two different types of seeding particle, (Aluminium Oxide,
and olive oil droplets), with seeding difficulties limiting the
quality of the results in both cases. The Aluminium Oxide
was seeded into the flow via a Cyclonic Seeder, however the
seeder provided inhomogeneous and unsteady seeding at all
operating pressures. The olive oil seeding was supplied using
a conventional Laskin seeder, with a fraction of the airflow
being seeded before being mixed with the remainder of the
flow, prior to exit from the nozzle. At operating pressures
below 400kpa, the system provided steady, monodisperse
seeding. However at higher operating pressures, seeding
became sparse and liquid oil rather than droplets began to be
expelled from the nozzle.
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Figure 1: Shadowgraphs: A) UR = 2.1 B) UR=2.6
C) UR = 3.2 D) UR=3.2 Impinging on plate at x/D = 2
Results from the Particle Image Velocimetry
showed good agreement with the Shadowgraph results in
terms of shockwave locations, however the PIV results
presented a deceleration across a region of space rather than a
step change in velocity. This is due to the response of particles
to discontinuities in flow conditions such as shockwaves. At
higher pressures, the influence of the Mach disk on the flow
became evident, with a characteristic “double-hump” evident
in the streamwise velocity profile. PIV measurements for the
impinging jet are still underway.

A PCO Sensicam Doubleshutter QE was used to
acquire images for all three optical techniques utilized at a
resolution of 1280x1024px. A dual cavity Nd:YAG laser at
532nm wavelength and 6ns pulse width was used to
illuminate the flow for the PIV and Mie Scattering readings,
while a 200mW continuous laser at 532nm was used to
produce the shadowgraph measurements. The nozzle
diameter was 4mm. PIV images were analyzed using
Multigrid Cross Correlation Digital Particle Image
Velocimetry (MCCDPIV)
A range of measurements at different
underexpansion ratios and measurement resolutions were
taken. At lower pressure ratios, a series of shock cells were
evident in the flow, with the velocity profile showing an
oscillating decay with increasing axial distance from the
nozzle. As pressure ratios increased above approximately 2.5,
a Mach disk at the centre of the flow became evident. The size
of the Mach disk increased with increasing underexpansion
ratio. When impingement onto a plate normal to the flow was
investigated, shocks above the substrate were observed.
When the impingement plate was brought sufficiently close
to the nozzle exit, interaction with the jet shock structures was
evident. See Figure 1 for sample shadowgraph images.

Fig. 2 Mean velocity contours for UR = 2.6 jet
From this initial investigation, it can be seen that as
long as shock locations can be determined precisely by
visualization, PIV can be used to take measurements in a jet
of this nature. Attaining appropriate seeding in the flow
exiting from the nozzle has proved to be the greatest
challenge so far, with future experiments planning to test
other seeding candidates, such as Titanium or Silica Dioxide.
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