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ABSTRACT
PIV and numerical simulation are used to investigate one of the open questions of the classic gas dynamic problem
of shock diffraction, namely to determine whether in this flow field the fluid can locally be decelerated from
supersonic to subsonic flow without the usually observed shock wave discontinuity. While theoretically possible,
such an isentropic deceleration is difficult to observe in experiments and has so far only been detected through
numerical simulations. The current PIV measurements yield local flow velocities that are within ± 5 m/s identical to
the values predicted by numerical simulation. The results can be seen as experimental proof of the numerical
predictions of the flow field, similar to an earlier found excellent agreement between experimentally and
numerically obtained density distributions. Based on the current measurements, the previously stipulated existence
of supersonic “pockets” of flow, embedded without discontinuities in a subsonic flow field, is close to be confirmed.

1. Introduction
When a shock wave encounters a sudden area expansion, it undergoes a diffraction process. The
most common configuration is that of a shock diffracting at a 90° corner, which is considered a
classic problem of unsteady gas dynamics and which has been intensively studied in the past
(see, e.g. Skews (1967) or Kleine et al. (2003)). In spite of considerable research effort, a number of
open questions remain. These include the proof of self-similar behavior of this flow, the influence
of three-dimensional effects in a nominally two-dimensional flow, or the possibility that the flow
can locally become supersonic and then return to a subsonic flow without the presence of a
shock wave. Early studies such as the one by Lighthill (1949) concluded that the process is selfsimilar, and therefore only a few attempts were made to visualize it in time-resolved mode,
which would be required to answer the first of the above open questions. Since the vast majority
of all investigations to date has been conducted with line-of-sight density-sensitive flow
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visualization records such as shadowgraph, schlieren or interferometry methods (for an
overview of these techniques, see, e.g., Merzkirch (1987)), the influence of flow field variations
along the line of sight has been difficult to establish. Similarly, the existence of discontinuity-free
supersonic pockets of flow embedded in a subsonic flow field has not been satisfactorily proven,
primarily because the mentioned density-sensitive visualization techniques can only provide
indirect evidence – unless distinguishable flow features such as shock waves become visible, a
density-sensitive visualization record of a supersonic flow is hardly different from that of a
subsonic one. A similar situation exists for the design of supercritical airfoils (Sobieczky and
Seebass (1984)), but in this case the verification of an isentropic transition from super- to subsonic
flow can be obtained by pressure measurements on the airfoil. In the case of shock diffraction,
the supersonic zone is not near any solid boundary and it is additionally both small and
transient, which rules out the use of physical sensors to measure its properties. Kleine et al.
(1995) concluded that such supersonic zones existed near the shear layer above the vortex core,
based on excellent agreement between experimentally and numerically obtained interferograms.
While the density distributions of the experiment and the simulation could be matched to within
1%, there was no direct evidence that other predictions of the numerical simulation were also
true – such as the existence of supersonic zones within a subsonic flow without signs of
discontinuities between these regions. The current study addresses this problem with the help of
a different measurement technique, namely PIV, in conjunction with numerical simulation.
(b)

(a)
Fig. 1 Conceptual sketch of the flow field generated by shock diffraction for
(a) M ≈ 1.3 and (b) M ≈ 1.6
S

S

The typical flow field of the diffraction process is schematically shown in Fig. 1. For low shock
Mach numbers – typically M < 1.3 in air (Fig. 1a) – the incident shock IS diffracts at the corner
S

where it generates a diffracted shock DS which becomes increasingly weaker towards the wall at
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which it eventually terminates. The flow following the incident shock cannot negotiate the sharp
corner and detaches, which leads to a shear layer that rolls up into a vortex. An expansion wave
EW emanates from the corner as a result of a drop in pressure behind the diffracting shock. It can
be interpreted as a disturbance signal traveling with the local speed of sound, which moves
upstream to “inform” the subsequent flow of the imminent area expansion. It also accelerates the
flow it traverses, which therefore has a higher velocity but lower pressure, temperature and
density than the flow set into motion by the incident shock IS. The flow that was first
compressed by IS and then expanded by EW and the flow compressed only by DS are separated
by a contact surface CS, which is, however, rather weak and therefore often difficult to discern on
flow visualization records of weak shock diffraction. The core of the vortex follows the diffracted
shock and moves downstream, but for low shock Mach numbers its velocity is considerably
below the flow velocity so that it remains close to the wall.
If the shock Mach number is increased, the flow field gradually changes (Fig. 1b). Most notable
are secondary shock waves which are established on top of the shear layer and at the periphery
of the vortex. These secondary shocks or shocklets indicate that the flow has become locally
supersonic, as a result of the acceleration generated by the upstream running expansion wave.
Typically these shocklets are observed for shock Mach numbers above M ≈ 1.4 (Skews 1967).The
S

study by Kleine et al. (1995) indicated that supersonic zones within an otherwise subsonic flow
field can already exist at lower shock Mach numbers, before the establishment of the shocklets
provides clear evidence of the existence of the flow having locally exceeded a flow Mach number
of unity. Sun and Takayama (1997) developed a one-dimensional analytical model to predict the
onset of local supersonic flow – they found that the sonic limit is reached for shock Mach
numbers higher than M = 1.346. While in axisymmetric flows (Brouillette et al. (1995)) and in the
S

double diffraction flows investigated by Sun and Takayama (1997) (in these tests, a second
mirror-image diffraction corner exists above the corner shown in Fig. 1, so that there are actually
two upstream running expansion waves) the aforementioned secondary shocks become visible
for shock Mach numbers close to the analytically predicted value, this is not the case for the
depicted single-corner diffraction case, where such shocks only appear at slightly higher shock
Mach numbers as mentioned above (M ≈ 1.4 as opposed to M ≈ 1.34).
S

S

The present study revisits this scenario with the intention to provide further experimental data
for this configuration that are not affected by the inevitable limitations of density-sensitive flow
visualization. Single-image PIV records were obtained to determine the flow velocity field at
chosen instants for a Mach number range in which no secondary shock waves were observed but
where the flow may have become locally supersonic.
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2. Experimental Methods
2.1 Shock Tube
The experiments were conducted in a shock tube with square cross section, 54.5 mm ⋅ 54.5 mm,
and a 6.3 m long low-pressure part (a conceptual sketch of the facility is given in Fig. 2a). The
tube was operated with air as both driver and driven gas, separated by a Hostaphan diaphragm.
The thickness of the diaphragm determines its burst pressure and thus the obtained shock
strength. In the present tests, only a small range of shock Mach numbers was to be investigated,
namely 1.32 ≤ M ≤ 1.37, so that only two diaphragm thicknesses were required, namely 30 µm
S

and 40 µm. In the tests, the temperature T and the pressure p in the driven section were always
1

1

ambient, i.e. on average 293 K and 98 kPa. The shock propagation was monitored with the help
of three piezoelectric pressure transducers (KISTLER 603B) located 998 mm, 748 mm and
248 mm upstream of the corner at which the shock diffracts. The dimensions of the test section
are indicated in Fig. 2b.

Fig. 2a) Schematic of the shock tube facility (drawing not true to scale)
b) test section (all dimensions in mm)
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The size of the test section leads to a limitation of useful test time – as soon as one of the waves
reflects from the boundaries of the test section, the flow is no longer self-similar. For the given
test section in the considered range of Mach numbers the indicated area of interest, namely the
zone above the slip stream near the corner, remains unaffected by these reflected waves for at
least285 µs after the shock has reached the corner. All measurements described here were
conducted within this time window.
2.2 PIV
While PIV has been an established measurement and visualization technique for more than 30
years, it has only infrequently and relatively recently been used in shock tube flow applications.
First successful PIV experiments in shock tube facilities were performed around 2000 to study
the Richtmyer-Meshkov instability in a shock tube (Prestridge et al. (2000)). Further applications
of PIV to shock tubes focussed on shock diffraction phenomena at the open shock tube end to
study in particular vortex ring phenomena (Arakeri et al. (2004), Haertig et al. (2006), ZahreBetash et al. (2008), Murugan et al. (2011), Glazyrin et al. (2012)). The results of these PIV
experiments were often used to compare and validate numerical simulations. Besides a correct
timing with the shock wave phenomena a homogeneous particle seeding in the shock tube is
important for a successful measurement. In the mentioned studies both aerosol and solid
particles were used at a typical size of 0.5 to 1 µm. Particle lag experiments and calculations
across shock waves yield reasonable relaxation time and length scales of the order of a few
microseconds and millimeters, respectively. Additionally, the size of the interrogation window
can affect the resolution of strong velocity gradients like shock waves (Havermann et al (2008)).
The laser light sheet in the test section was provided through a 74 mm high gap in the end wall
as indicated in Fig. 2. The center of this 6.5 mm wide gap is located 7.5 mm off the depth
symmetry plane of the test section. The 2D/2C PIV used system consisted of a pulsed 200 mJ
Nd:YAG laser, a PCO 4000 camera, an ILA PIV Synchronizer, PIVView 3.6 evaluation software
and a standard light sheet optic incorporated in an articulated arm. The system was triggered by
the upstream pressure transducer closest to the test section. The delay time was chosen such that
the flow pattern was captured within the previously mentioned window of 250 µs after arrival of
the shock at the diffracting corner. The shock tube was seeded with DEHS particles ~1µm
diameter using an ILATec seeding generator before every single shot by opening the test section
and filling the complete low pressure part. Afterwards the test section was closed again and the
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PIV system was set to stand-by mode in order to be triggered by the shock wave, which was
typically generated less than two minutes after closing the test section.
The PIV images were evaluated with standard multigrid-interrogation strategies starting with a
96 ⋅ 96 Interrogation Spot (IS) size and going down to 24 ⋅ 24 IS size with 8 pixels overlap. The
grey value reconstruction for the iterative window deformation and shifting algorithms to subpixel grids is based on B-splines of 4 order. A 2D least squares Gaussian peak fitter is used for
th

the 3 ⋅ 3 matrix centered at the main peak. The iterative validation pass considers 2 order
nd

correlation peaks, if a neighborhood filter detects an outlier. The iterative algorithm is applied
four times at final resolution. Occasional very intense scatterers – probably residues of the
destroyed diaphragms of previous shots – are masked out in order to not bias the main velocity.
The uncertainty of the PIV measurement can be roughly estimated by taking the jitter of the laser
(~20 ns), the uncertainty of the calculated displacement from the algorithms (~0.05 pixels, even
lower) and the deviation from the magnification factor M into account. The calibrated distance of
90 mm corresponds to ~2000 pixels. With an uncertainty of ~5 pixels for the calibration
procedure, the magnification factor M = 22.0612 pixel/mm changes by 0.25%. With a pulse
distance of 1 µs the uncertainty considering the laser jitter results in ~2%. The uncertainty of 0.05
pixels for the generated mean displacement of 10 pixels corresponds to 0.5%. Combining all
these uncertainties we can estimate the error to be in the range of ~3%.
3. Numerical Simulation
The shock diffraction phenomena were simulated numerically using the commercial CFD code
STAR-CCM+ release 10 by CD-adapco. The code can handle all kind of continuum flows, is
programmed in a density-based formulation to allow for efficient and correct compressible flow
calculations and uses the finite volume approach. The shock tube and test section were modelled
two dimensionally with their true physical dimensions except for the length of the driver and
driven section, see Fig. 3. The lengths of 300 mm and 400 mm, respectively, were chosen to save
simulation time. The smaller section lengths allowed for a sufficient long testing time to simulate
the shock diffraction without reflection wave disturbance in the test section.
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Fig. 3 Shock tube geometry with initial pressure conditions
A structured and square grid was generated with the grid generator included in STAR-CCM+.
The base size for the grid was set to 1 mm, which is justified by the tube dimensions (the base
grid size is about 2% of the tube height) and preliminary experience. In total, 47621 cells were
generated. A magnified section of the grid is shown in Fig. 4.

Fig. 4 Magnified view of the driven and test section with grid and calculated shock wave
The mainly inviscid nature of the shock diffraction and vortex generation justifies an inviscid
calculation approach. The coupled flow solver for solving the time-dependent Euler equations
was therefore chosen, and after some preliminary calculations the explicit unsteady model was
preferred to the implicit model. The explicit time integration is performed by a multi-stage
Runge-Kutta scheme with a Courant number of well below 1 for stability reasons, which resulted
in global time steps of about 0.6 microseconds. The calculation was initialized by setting different
initial pressures in the driver and driven tube for the test gas air (Fig. 3). These pressures were
calculated with the shock tube relations using the corresponding shock velocity and Mach
number from the experiment. The interface between the driver and the driven tube was
modelled as a porous baffle with 100 % porosity. After starting the calculation the pressure
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difference caused immediately the formation of a moving shock wave, which was slightly
smeared to about four grid cells in the propagation direction, see Fig. 4. The CFD simulation
yielded the correct values for all flow variables across the shock wave if compared to shock tube
theory. Fig. 5 shows line probe plots for the pressure and density distribution when the shock
has reached the end of the driven section.

Fig. 5 Pressure and density distribution when the shock has moved to the end of the driven tube
Additionally, a visual validation of the shock diffraction phenomenon was done with schlieren
pictures from the literature, giving perfect qualitative agreement as well. Because of the limited
number of cells the program could be easily run on a laptop with an Intel Core i5 CPU, resulting
in a CPU time of about 20 minutes for a simulation.
4. Results
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The tests described here concentrated on two cases: a shock Mach number of 1.33 where
according to the analytical prediction of Sun and Takayama (1997) no supersonic flow should
exist in the flow field, and a shock Mach number of 1.37, where according to this criterion some
area near the corner should be locally supersonic but where in previous tests no shock wave had
become visible. Each test condition was repeated at least four times for the PIV tests, and only
tests with a shock Mach number within ± 0.01 of the nominal shock Mach numbers were
considered for evaluation. The shock Mach number is determined via the transit times obtained
from the pressure sensors mentioned in section 2.1, with a measurement accuracy of ± 0.0015.
Tests run for early instants of the process (t < 100 µs) did (as expected) not reveal much detail of
the velocity field in the vortex region because of its limited size and the associated difficulties to
discern seeding particles, but could be used to validate the measurement: the flow velocity
behind the portion of the incident shock not yet affected by the diffraction corresponded within
5 m/s to the theoretical post-shock flow velocity value of 166 m/s for M = 1.33. All tests that
S

provided data for the velocity field behind the diffracted shock were taken at instants 150 µs < t
< 285 µs.
Figure 6 provides results for the case of M = 1.33. All images depict the flow 210 µs after the
S

incident shock has reached the corner. The PIV result for the velocity distribution in the region of
interest (Fig. 6a) is compared with its numerically obtained counterpart (Fig. 6b). The PIV
measurement indicates the same velocity values (± 5 m/s) as the numerical simulation. In view
of this excellent match between experimental measurement and numerical prediction one can
confidently assume that other properties not easily measured in a direct way are faithfully
represented by the simulation. Of particular interest is here the (numerically found) local flow
Mach number distribution (Fig. 6c). The local Mach number approaches unity in the area of the
highest flow velocity – the numerical calculation predicts a Mach number maximum of 1.009, but
this is arguably too close to the sonic limit to claim with any confidence that the flow has become
locally supersonic. The zone of this near-sonic speed extends over a distance of approximately
8 mm along a line parallel to and above the shear layer.
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Fig. 6 Low Mach number case M = 1.33, t = 210 µs
S

a) velocity field from PIV measurement
b) numerical velocity field
c) numerical local flow Mach number distribution (range 0.7 < M < 1.1 only)
Analogous results are presented in Fig. 7 for the case of M = 1.37. As for the low Mach number
S

case, experimental and numerical velocity distributions display a large degree of similarity. It has
to be considered that in this case, the flow field is depicted 60 µs earlier than the one seen in Fig.
6. Consequently, the vortex core has not moved away as much from the corner as it did in Fig. 6,
and the whole flow field of interest is smaller. If one assumes self-similar flow, all spatial
dimensions of the flow would be about 35% larger if shown at the same time as in Fig. 6.
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Fig. 7 High Mach number case M = 1.37, t = 153 µs
S

a) velocity field from PIV measurement; the white rectangle indicates a region where the
seeding was insufficient for proper data evaluation
b) numerical velocity field
c) numerical local flow Mach number distribution (range 0.7 < M < 1.1 only)
Both PIV and CFD yield a maximum flow velocity of approximately 380 m/s at almost the same
locations in the flow field. The shear layer appears to be slightly perturbed in the experimental
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record – this is most likely a result of disturbance waves in the shock tube that are generated by
the rupturing diaphragm and that trail the incident shock. Such disturbances trigger mild
instabilities in the shear layer (Kleine et al. (2015)) which are not generated in the numerical
simulation. From the numerically obtained Mach number distribution shown in Fig. 7c it can be
seen that the maximum flow Mach number is now approximately 1.06 – this would indicate that
a supersonic region has now truly developed. No discontinuity such as the secondary shocks
indicated in Fig. 1b can be seen on any of the obtained records or on additionally taken flow
visualizations. From these results it can be concluded that fluid particles starting from
approximately 0.5 mm above the corner will be continuously accelerated when they travel above
and parallel to the slipstream. Approximately 2 mm below and 8 mm downstream of the corner
they are likely to have reached a speed larger than the local speed of sound. They maintain this
speed for a distance of approximately 10 mm after which they are seen to gradually decelerate
until they eventually return to subsonic speed. The length of the supersonic zone is thus of a
similar magnitude as the distance of the vortex core from the wall.
5. Conclusions
PIV measurements and numerical simulations of the flow field behind a diffracting shock were
conducted for a small shock Mach number range of 1.33 < M < 1.37. This small range is
S

significant as the post-shock flow is still discontinuity-free but is expected to already have locally
supersonic zones. The tests confirmed that the measured velocity in these zones corresponded
to the values predicted by numerical simulation – similar findings were previously made for the
density distribution (Kleine et al. (1995, 2003)). On the basis of the good agreement between
experiment and numerical predictions it was then concluded that one can have confidence in the
subsequent prediction of the simulation, namely that there are, indeed, embedded local
supersonic areas in the flow field where the fluid returns to a subsonic flow without being
decelerated by a shock wave, hence going through an isentropic supersonic-to-subsonic
transition. Good agreement was found when comparing the threshold for these processes with
an analytical prediction made by Sun and Takayama (1997). While finding the exact threshold for
this process is arguably impossible given the small shock Mach number range and the inherent
measurement uncertainties, the results confirmed that for M = 1.33 the flow is on the verge of
S

establishing these supersonic “pockets” while for M = 1.37 the local flow Mach number can be as
S

high as 1.06, without any optical evidence for a shock wave. The results are therefore interpreted
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as illustrating the theoretically possible but rarely observed isentropic deceleration of a
supersonic flow to subsonic levels.
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