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Experimental Studies of Shock Diffraction

M K Quinn!, N Gongora-Orozco!, H Zare-Behtash!, R Mariani!, and K
Kontis!

1 Introduction

Diffraction of a normal shock wave has been the subject oferons studies, dat-
ing back work of Whitham [1]. A large number of the complex flaafures present
were highlighted in the well known work by Skews [2]. Fig. losls the flow fea-
tures behind a strong shock diffracting around a sharp co8iews showed that
for angles greater than 7%he flow features become independent of the corner an-
gle making the flow is solely dependent on incident shock Maaimber,M;. For
incident shock Mach numbers greater th\dn= 2, the flow features resemble those
seen in Fig. 1; however, for Mach numbévs < 2.0 the flow does not expand to
supersonic speeds according to the theory given by Sun &aydma [3] meaning
that there is no secondary shods) as the flow in region 2 can decelerate without
shock waves. As the incident shodkdiffracts around the corner, a slipstreash §

is formed because the flow cannot follow the contour of thd arad therefore sep-
arates. The slipstream rolls up into a vort&® (vhich begins to slowly propagate
downstream.

Application of Schlieren imaging to this type of flow is relely common and
reasonably straightforward. However, the applicationldfte this type of problem,
which incorporates both compressible and unsteady flowphBsbeen tried on a
handful of occasions [4][5][6] mainly involving vortex ppagation. This study will
aim to capture the moving shock and the phenomena assouidlteitls diffraction.

2 Experimental Setup

This study was carried out in the University of ManchesteroABhysics Labora-
tory using the 25.4 x 25.4 mm mechanical-rupture, squarekshde. The driver

University of Manchester, George Begg Building, Sackville Sreet, Manchester, UK



2 Quinn et al.

Vortex V

Secondary shock 8s

Contact surface CS

Terminator T

Incident shock |

(0)

(1)

Reflected sound wave Rs

Fig. 1 Strong shock diffraction adapted from Skews [2]

and driven sections are 700 mm and 1700 mm respectively. d$tesection is
55.2mm high and made of 10 mm optical grade Perspex. The deotested has a
knife edge tip and a wedge angle ®f= 6°. Driver section pressure measurements
and camera triggering were performed using two Kulite XT{IQransducers con-
nected to a NI USB-6251 16 bit M series Multifunction DAQ. Tdiver section of
the shock tube was pressurised®o= 4 bar while the driven was left at ambient
giving a pressure ratib; /P, = 4.

2.1 High-Speed Schlieren Photography

The Schlieren setup used was a standard Z-style Toeplegamaent with a vertical
knife edge. Continuous illumination came from an in-housestructed Xenon arc
lamp. The flow was imaged using the Shimadzu HPV-1 which debd 01 images
at 250Kfps with an exposure time ofi$. Images from the HPV-1 were stored on a
Windows XP PC and were processed using ImageJ. The setupdstatentical to
that used by Gongora-Orozco et al. [4].

2.2 Particle Image Velocimetry

Particle Image Velocimetry is a non-intrusive optical teicjue which measures the
velocity of tracer particles carried by the fluid [7]. The Piveasurements were
gathered using the TSI High-Speed, High Resolution Partitlage Velocimetry
System incorporating the New Wave Research high power,reigletion rate Pega-
sus laser (10mJ at 1KHz). This is a dual cavity laser, meathiagthe time between
laser pulses can be as low as 1ns. The Photron APX-RS canesthas a full reso-
lution of 1024 x 1024 pixels at up to 1500Hz. The inter-fraimeetbetween images
is 2.5us which is the limiting factor of this system. The implicatioof this will be



Experimental studies of shock diffraction 3

discussed later. A TSI 9307-6 oil droplet generator was tseded both the driven
and driver section with an average olive oil droplet sizepgdraximately 1.5m.

It should be noted that the Schlieren and PIV images wereegadhon separate
runs, firstly because the tracer particles would obscurdéhnsity gradients present
in compressible flow, and secondly because the far wall ofdbesection was re-
quired to be painted black due to excess reflections caphyrélie PIV system.

3 Results

The theoretical shock strengths and Mach number is showatbie tL. Theoretical

calculations were made using simple one-dimensional shdmk theory. The dif-

ference between experimental and theoretical Mach numbénspart due to the

accuracy of estimating the shock speed from the Schlieragés, but also due to
the distance attenuation and formation decrement effectsack tube flows [8].

Table1 Shock wave properties

Diaphragm  Theoretical Theoretical Experimental Theoretical In-Experimental
Pressure RatioShock Strengtlf8hock  MachShock  Machduced Velocity Induced Veloc-

Number Number  gsti- ity
mated)
Ps/PL P/Py Mit M; U m/s Um/s
4 1.95 1.34 1.24 170 140

Fig. 2 shows 4 Schlieren images with the velocity vectorsudated from PIV
superimposed. The PIV images were analysed using the ri3@lsoftware using
a minimum window size of 24 x 24 pixels.

The diffracton profile is similar to those seen by other restgars [9][10][11]. The
Schlieren image clearly shows the shape of the shock wavetr@vérses the test
section. Fig. 3[a] shows the flow p8 after the shock wave has reached the corner.
The Schlieren and PIV images are in good agreement, showaghape of the
shock to be largely normal but becoming curved at the corstadace CS) with
an almost uniform velocity profile behind it. Other flow fes such as the vortex
shed from the corner are too small to see at this time.

Fig. 3[b] shows the flow after 40s. By this time the incident shock still has a
straight section; however, a larger portion of it is becaynourved as the corner
signal begins to influence the shock front. The streamlireggrbto diverge and
follow the path of the slipstream allowing the flow to expamd séherefore increase
in velocity. This increase in velocity is more pronounced-igs. 3[c] and 3[d] as
it reaches just over 200 m/s. By j48 the induced vortex is clearly visible in the
Schlieren images. Due to the finite grid size used in the PINdsueements it is
impossible to measure the internal structure of the vorfEie PIV results show
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Fig. 2 Combined results with delay time [a] 265 [b] 40 us [c] 48us [d] 7 2 us

that flow in region 3 does not accelerate to the sonic speextigbed by Sun and
Takayama [3]. In this expansion region the image processafyvare often had
trouble finding good correlation peaks. This is likely to hesdo the blur effects
described by Elsinga et al. [12].

Once the shock wave has diffracted around the corner, it meaker than be-
fore. This is to be expected; however, the level of atteiondt severe. The induced
velocity behind the diffracted shock is significantly lovilean the initial shock. This
velocity was measured using a finer grid (16x16) than thosw/slin Fig. 3 as the
maximum velocity is much smaller. It is intuitive to thinkathbehind the diffracted
shock the induced velocity will be lower; however, to thehauts knowledge, this
has not been quantified or demonstrated as clearly as tlusehef

3.1 Limitations

The applicability of a PIV system to high-speed, small-saatsteady flow is de-
pendant on minimum interrogation window size, camera tggwl, minimumAT
and particle characteristics. A minimum grid size of 24 x 24efs with a max-
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Fig. 3 Diffracted shock region att=7@2s

imum displacement ratio per window of 0.49 gives a maximuspldicement of
11.76 pixles peAT. The scale of these images is 16.65 pixels per mm giving a
maximum allowable travel of 0.706 mm pAfT. With a minimum reliableAT of
2.5us, the maximum velocity that can be measured using thisrsyatel a 24 x 24
window size is 282.52 m/s. If this window size is reduced tx 1% pixels then the
maximum velocity that can be measured reliably falls to 288n/s, lower than the
maximum velocity seen here.

Tracer particles in PIV do not exactly follow the flow, no nesithow small and
neutrally buoyant they are. This particle lag causes shamkes (a theoretically
instantaneous velocity change) to be spread over a larggthiescale, even up-
stream in some cases [13]. An estimation of the particlexagian timet is given
by Melling [14] based on Stokes’ drag law

dp’Pp
Ts= 184 1)

whered, is the particle diametep,, its density andu is the fluid viscosity. The
average olive oil tracer particle size is approximately B, giving a relaxation
time of 6.12us, giving a 90% rise time of 14.10s. Using the theory presented
by Raffel et al. [7], integrating over the rise time gives atdnce of 1.46 mm to
reach 90% velocity. However, in truly unsteady flows, as weehzere, the shock
front has moved during this 14.%@s rise time by 6.48 mm, giving a shock spread
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of 5.02 mm. This is close to the data gathered from the PIVitesthere the 90%
rise distance was measured as 4.56 mm.

4 Conclusion

This study aimed to capture small scale high-speed unsfeadphenomena using
PIV. The shape of a diffracting weak shock wave has been ichag@g high-speed
Schlieren photography along with velocity profiles gathefrem high-speed PIV
experiments. The results show that the incident shock walecies an average ve-
locity of 140 m/s, while the diffracted shock wave inducegn#ficantly less. The
shock wave also induces a strong vortex emanating from the apthe wedge.
This vortex is not well resolved in the current experiments tb its small size.

This initial study into shock diffraction using PIV has peal/that despite the
large challenges of such an unsteady flow, reasonablegesube achieved. Future
experiments are planned utilizing a higher resolution ganvéth a significantly
lower inter frame time and finer seed particles resultingraater accuracy.
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