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Hysteresis in the transition between regular reflection (RR) and Mach reflection (MR)
has been predicted theoretically and numerically for decades, yet successful experimental
demonstrations have remained limited to wedge-angle-variation-induced hysteresis. This
work presents the first successful experimental demonstration of Mach-number-variation-
induced hysteresis. Utilising a newly developed continuously variable Mach 5-8 wind-
tunnel nozzle, Mach-sweep experiments were conducted on a pair of wedges at three
different angles (25°, 27° and 28°). A stable RR was first established at Mach 7 within
the dual-solution domain for each angle, and then the Mach number was decreased
to 5. For the 27° and 28° cases, transition from RR to MR was observed at Mach 5.3
and 5.9, respectively, during the downward Mach sweep, and the MR state persisted
throughout the upward sweep back to Mach 7. During the 25° case, a stable RR was
maintained throughout the entire Mach sweep, prompting further experiments into the
effect of free-stream disturbances on the stability of the RR state. Preliminary results
revealed a free-stream-disturbance-induced hysteresis and that the RR state is metastable
with potential stochastic behaviour.

Key words: shock waves, hypersonic flow, flow-structure interactions

1. Introduction

The last half-century has seen extensive research on shock wave reflection, following
the foundational works of Ernst Mach (1878) and John von Neumann (1963). A central
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(a) Regular reflection (RR) b) Mach reflection (MR)
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Figure 1. Schematics of shock reflection configurations: incident shock (i), reflected shock (r), Mach
stem (m), trailing-edge expansion fan (f), incident-shock angle (), slipstream (s) and triple point (7).

focus has been the transition between regular reflection (RR) and Mach reflection (MR) in
steady and pseudo-steady flows (Henderson & Lozzi 1975), and the associated hysteresis
predicted by Hornung, Oertel & Sandeman (1979).

In a RR (figure 1a), the incident shock (i) meets the symmetry line at a single point,
where the interaction generates a reflected shock (r) that turns the post-incident-shock
flow (2) back parallel to the free stream (1). In a MR (figure 1b), the oblique reflected
shock is unable to turn the flow back parallel to the free stream. Instead, the incident and
reflected shocks intersect at a triple point (7') located above the symmetry line. This triple
point is connected to the symmetry line by a nearly vertical Mach stem (m). A slip line (s)
emanates downstream from the triple point, separating the flow that has passed through
the Mach stem from the flow that has passed through the incident and reflected shocks.

Both shock configurations can occur under identical free-stream conditions depending
on the incident Mach number (M) and wedge angle (0). This dual-solution domain
(DSD), shown in figure 2, exists between two critical wedge-angle limits: the von
Neumann condition (6y(M)), below which MR is impossible, and the detachment
condition (6p(M)), above which RR is impossible (Ben-Dor 2007). The possibility of
both shock configurations in the DSD led Hornung et al. (1979) to hypothesise the
potential hysteresis in the RRZ=MR transition. As evident in figure 2, there are two primary
approaches to obtain the hysteresis (Ben-Dor et al. 2002):

(i) Wedge-angle-variation-induced hysteresis: the flow Mach number is kept constant
while the wedge angle is dynamically changed, e.g. AA’A in figure 2;

(i1)) Mach-number-variation-induced hysteresis: the wedge angle is kept constant while
the flow Mach number is dynamically changed, e.g. BB'B in figure 2.

In their initial experiments, Henderson & Lozzi (1979) and Hornung & Robinson (1982)
reported no evidence of wedge-angle-variation-induced hysteresis. Their results led them
to conclude that the RR configuration was unstable in the DSD and that both RR—MR
and MR—RR transitions occurred at the von Neumann condition. However, Teshukov
(1989) later used linear stability analysis to prove that the RR configuration is stable in the
DSD. This theoretical result was experimentally confirmed by Chpoun et al. (1995) and
later by Ivanov et al. (2003), who successfully demonstrated both a stable RR in the DSD
and a wedge-angle-variation-induced hysteresis in the RR=MR transition.

While wedge-angle-variation-induced hysteresis has been demonstrated both numeri-
cally and experimentally (Mouton 2007), the alternative Mach-number-variation-induced
hysteresis has only been demonstrated numerically. This was shown by Onofri &
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Figure 2. Dual-solution domain with hysteresis paths shown: AA’A, BB'B, CC'C, DD'D.

Nasuti (2001) and Ivanov et al. (2001) and was confirmed again later by Tao, Fan &
Zhao (2014). Experimental attempts by Durand et al. (2003) and Laguarda et al. (2021)
were unsuccessful due to free-stream disturbances (noise) present in their variable-Mach-
number wind tunnels, which prevented the establishment of a stable RR within the DSD.

This work utilises a newly developed continuously variable Mach-number wind-tunnel
nozzle to conduct pseudo-steady Mach-sweep experiments over a pair of adjustable-angle
wedges. This work presents the first successful experimental demonstration of Mach-
number-variation-induced hysteresis in the RR=MR transition, validating decades of
theoretical and numerical predictions.

Additionally, the influence of wind-tunnel free-stream disturbances on the stability of
the RR state was briefly explored. Previous experimental investigations by Sudani et al.
(2002), with water vapour, and Mouton & Hornung (2008), with laser energy deposition,
demonstrated that artificial disturbances can induce a RR—MR transition. Kudryavtsev
et al. (2002) numerically examined the threshold of density perturbations required to
cause a RR—MR transition and showed that the necessary disturbance amplitude varies
throughout the DSD, decreasing as the detachment condition is approached.

The results of both previous work and the current work suggest a third dimension
of the DSD and an additional transition and hysteresis mechanism, termed free-stream-
disturbance-induced hysteresis, in which the Mach number and wedge angle are kept
constant while finite-amplitude disturbances are introduced into the free stream.

2. Experimental set-up

Experiments were conducted at the Texas A&M University National Aerothermochemistry
and Hypersonic Flight Laboratory (NAHL). A series of pseudo-steady Mach-sweep
tests were performed using 3D-printed adjustable-angle wedge models in a blow-down
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Figure 3. The ACE tunnel schematic (flow left to right); test section height shown and 36 cm width into page.

wind tunnel. High-resolution schlieren imaging was employed to visualise the resulting
shock reflections.

2.1. Actively controlled expansion tunnel

The experiments in this work were performed using the NAHL’s recently upgraded
actively controlled expansion (ACE) tunnel (Tichenor ez al. 2010; Vaughn et al. 2026). This
conventional, cold-flow, blow-down facility features a continuously variable Mach-number
nozzle, capable of dynamically testing free-stream Mach numbers over a range of 5—8. The
facility supports stagnation pressures and temperatures up to 1.4 MPa and 500 K, respec-
tively, yielding unit Reynolds numbers of Re’ = pU/u =0.3 — 10.0 x 10° m~!, with p,
U, and p denoting the free-stream density, velocity, and dynamic viscosity, respectively.
The run time in ACE is up to 40 s, which allows the time for pseudo-steady Mach sweeps.
The test section has a height of 23 cm, a width of 36 cm and provides optical access at mul-
tiple positions along the top, bottom and sides. A schematic of ACE is shown in figure 3.

At low unit Reynolds numbers, the free-stream pressure fluctuations (noise) in ACE are
< 0.1 % of the mean free-stream pressure. As the Reynolds number increases above 3.0 x
10 m~! and the tunnel-wall boundary-layer transitions from laminar to turbulent, the
fluctuations rise sharply to a peak of approximately 1.5 %, accompanied by a broadband
increase in spectral content (Vaughn et al. 2026). Thus, Mach-sweep experiments in this
work were conducted at a unit Reynolds number of 1.5 x 10° m~! to minimise free-stream
disturbances.

A few additional experiments at higher unit Reynolds numbers were conducted to
explore the potential free-stream-disturbance-induced hysteresis. All experiments were
conducted at a stagnation temperature of 450 K, which was sufficient to prevent oxygen
liquefaction in the free stream at the tested Mach and Reynolds numbers. Additionally,
the compressed air supply for ACE is passed through a regenerative desiccant air dryer to
reduce the nominal dew point to 233 K prior to entering the storage tank, and the air passes
through a 1 pwm filter just before entering the settling chamber. Thus, the experiments are
thought to be free of phase change and particle disturbances.

2.2. Test article design

A pair of sharp-edged adjustable-angle wedges were 3D-printed out of Rigid 10k resin
using a Formlabs Form 3L printer. The wedges were mounted symmetrically on the top
and bottom of the ACE test section, as shown in figure 4(a). The wedges had a length
(w) of 38 mm, span (b) of 140 mm and trailing-edge separation (2g) between 40 and 41
mm (depending on wedge angle), as illustrated in figure 4(b). These dimensions follow
the aspect ratio recommendations of Fomin et al. (1996) and Skews (1997) to minimise
three-dimensional edge effects, but the span is also short enough to avoid effects from
the tunnel-wall boundary layer. The wedge spacing was calculated following the shock
geometry recommendations of Vuillon, Zeitoun & Ben-Dor (1995) and Mouton (2007) to
ensure the trailing-edge expansion fan remains downstream of the RR point of reflection,
as illustrated in figure 1(a).
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(a) Model in ACE (b) Relevant dimensions (mm)

=

Letter Description Product information
A Light source Luminous devices PT-120 Red-Amber 613 nm LED
B Focusing camera lens Nikon AF Micro-Nikkor 60 mm f/2.8D
C Adjustable slit Thorlabs VA100
D Off-axis parabolic mirror Edmund optics 6-inch parabolic mirror f/6D

lG F - 0

Letter Description Product information

E  Knife edge Common razor blade
F  Focusing lens Thorlabs LA1417-B-ML
G Highspeed camera  Photron FASTCAM SA-Z

Figure 5. Schlieren set-up schematic with optical components information.

2.3. Schlieren imaging

Flow visualisation was performed using high-resolution z-type schlieren imaging with a
continuous LED light source and a Photron FASTCAM SA-Z CMOS camera recording at
250 f.p.s. The layout and components for the schlieren set-up are shown in figure 5. The
camera was synchronised with the tunnel data acquisition to enable time-resolved tracking
of the shock interaction during the Mach sweeps.

3. Experimental results

The first set of experiments in this work followed the horizontal (Mach sweep) paths shown
in figure 2:

(i) BB'B: classical approach to obtain Mach-number-variation-induced hysteresis by
crossing the detachment condition;
(ii) CC'C: completely within DSD and approaches the detachment condition at the lowest
Mach number (C’) without crossing;
(iii) DD'D: the middle of the DSD for investigating free-stream-disturbance-induced
hysteresis without approaching either boundary.
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A few additional experiments were conducted at point D” in figure 2 to investigate the
potential influence of free-stream disturbance levels as a third dimension of the DSD.

3.1. Mach-number-variation-induced hysteresis

For path BB'B, the wedges were set to 0 = 28°, as shown in figure 4(b), and the experiment
began at Mach 7 and Re’ = 1.5 x 10 m~! to establish a stable RR within the DSD. The
Mach number was then gradually decreased over a span of 8 s to Mach 5, and then
increased back to Mach 7 at the same rate. A RR—MR transition occurred during the
downward sweep at Mach 5.9, and the MR state persisted throughout the upward sweep
without transition back to RR. Schlieren images demonstrating this hysteresis behaviour
are presented in figure 6.

For path CC'C, the wedges were set to 6 =27°, and the same test sequence was
repeated. Although not predicted theoretically, a RR— MR transition occurred during the
downward sweep at Mach 5.3, and the MR state persisted throughout the upward sweep
without transition back to RR. Schlieren images demonstrating this hysteresis behaviour
are presented in figure 7.

The RR— MR transition in both of these experiments occurred at higher Mach numbers
than predicted by the detachment condition. As reported by Chen, Bai & Wu (2020), this is
likely attributed to a larger effective wedge angle due to the boundary-layer displacement
thickness on the wedge surfaces. Following the theory presented by Chen et al. (2020),
the effective wedge angles were estimated to be 1°£0.3° larger than the geometric
wedge angle. This value agrees well with the approximate boundary-layer edge location
and incident-shock angles measured in the schlieren images. Shifting both paths (BB'B
and CC’C) in figure 2 up by ~ 1° yields a much closer agreement between experimental
and theoretical RR — MR transition values. This correction accounts for the boundary
layer on the wedges to effectively align the results with inviscid theory.

For path DD'D, the wedges were set to § = 25°, and the same test sequence was repeated
again. As expected, no RR—MR transition occurred, and a stable RR was maintained
throughout the entire downward and upward Mach sweep. This result reinforced that
the RR state can remain stable throughout the DSD under sufficiently quiet free-stream
conditions, which prompted further investigation into the role of free-stream disturbances
in destabilising the RR configuration.

3.2. Free-stream-disturbance-induced hysteresis

Path DD'D was tested again at Re’ =4.5x 105 m™! to introduce increased free-
stream disturbances, resulting in a RR—MR transition during the downward sweep at
Mach 5.2 as shown in figure 8. This transition occurred in the middle of the DSD
without approaching the detachment condition, suggesting that the increased free-stream
disturbances sufficiently perturbed the RR state to induce the RR — MR transition.

In order to further isolate the effect of the free-stream disturbances, a few experiments
were conducted with both the Mach number and wedge angle fixed at 6 and 25°,
respectively (point D” in figure 2). The unit Reynolds number was swept from 1.5 x 10°
to 5.0 x 105 m™!, increasing then decreasing, to vary the free-stream disturbances
from <0.1 % to approximately 1.5 %, respectively. This range of disturbance levels is
representative of most hypersonic wind tunnels, both quiet and conventional. For a better
understanding of the free-stream conditions, figure 9 shows the free-stream Mach number,
unit Reynolds number and disturbance (noise) level throughout each of the runs in
this work. The noise levels were measured with a Kulite high-frequency pressure
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Figure 6. The RR—MR hysteresis cycle induced by Mach-number variation for 6 =28°, 2¢g =41 mm and
Re’ =1.5 x 10° m~! (also see Supplementary Movie 1). The dark-shaded arcs at the top and bottom of each
image are parts of the wedge-angle adjustment system and do not interact with the shock waves.

transducer mounted in a Pitot tube in standalone runs following the same repeatable,
programmed test sequences.

The test sequence mentioned above and shown in figure 9(c) was conducted three
consecutive times with the wedges set at 6 =25°. Of these repeated runs, only one
produced a noise-induced RR—MR transition during the high-noise portion of the cycle,
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Figure 7. The RR — MR hysteresis cycle induced by Mach-number variation for 6 =27°, 2¢ =41 mm and
Re’ = 1.5 x 10 m~! (also see Supplementary Movie 2).

with the MR state persisting after the noise level was reduced. The other two runs
maintained a stable RR throughout. Both outcomes are shown in figure 10.

While the incident-shock angle is weakly affected by viscosity via the wedge-surface
boundary layer, as mentioned in §3.1, the shock reflection behaviour is an inviscid
phenomenon. Thus, the observed RR—MR transition is attributed to the increased free-
stream disturbances that ultimately destabilise the RR state; it is not due to any effect of
Reynolds number. The lack of repeatability in the RR—MR transition further supports
this notion.
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Figure 8. The RR — MR hysteresis cycle induced by free-stream disturbances during Mach-number
variation for = 25°, 2¢g =40 mm and Re’ =4.5 x 10° m~! (also see Supplementary Movie 3).
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Figure 9. The ACE free-stream conditions for the various test sequences (noise calculated as P .. /Py from

Pitot stagnation pressure measured with Kulite XCEL-100-5A sampled at 500 kHz and low-pass filtered at
100 kHz).

These observations suggest that the RR state within the DSD is metastable: finite-
amplitude disturbances can induce a RR—MR transition. Of three repeated Reynolds-
sweep experiments at fixed Mach number and wedge angle, only one produced a transition
and hysteresis loop, while the other two remained in a stable RR configuration throughout.
This variability implies that the transition threshold could be stochastic, likely depending
on both the disturbance amplitude and its spectral content. More systematic testing with
controlled disturbance inputs will be required to identify whether a repeatable threshold
can be defined.
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(a) RR—MR transition b) No transition

Figure 10. Both outcomes due to free-stream disturbance variations for 6 =25°, 2¢g =40 mm and M = 6.0
(also see Supplementary Movie 4 and Supplementary Movie 5).

4. Conclusions

This study presents the first successful experimental demonstration of Mach-number-
variation-induced hysteresis in the RR=MR transition. Utilising a newly developed
continuously variable Mach 5-8 nozzle, stable RR configurations were established within
the DSD at Mach 7 for wedge angles of 27° and 28°, followed by a transition to MR
at Mach 5.3 and 5.9, respectively. The MR state persisted throughout the upward Mach
sweep, confirming the presence of a hysteresis loop. The observed transition points agree
well with the theoretical detachment condition when accounting for the effective wedge
angle due to the boundary-layer displacement thickness on the wedge.

The low-noise (<0.1 %) 25° test confirms that, in sufficiently quiet flow, the
reflection remains regular throughout the DSD, confirming that RR is stable to small
disturbances. However, the high-noise (>1 %) 25° results demonstrate that introducing
larger disturbances can destabilise the RR state and trigger a RR—MR transition. This
further suggests that the RR configuration is metastable to finite-amplitude disturbances,
effectively adding a third dimension to the DSD. The inconsistent occurrence of these
transitions suggests that the free-stream-disturbance-induced transition threshold may be
stochastic in nature. Further experiments with controlled disturbance inputs are needed to
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better quantify the critical amplitudes and spectral content responsible for this mechanism
and to assess whether the transition threshold is deterministic or stochastic.

These findings validate long-standing theoretical and numerical predictions of Mach-
number-variation-induced hysteresis and demonstrate that free-stream disturbances can act
as an independent mechanism for transition and hysteresis. This work was made possible
by the recently upgraded ACE wind-tunnel nozzle, which uniquely enables continuous
Mach-number variation with low free-stream disturbances.

Supplementary movies. Supplementary movies are available at https://doi.org/10.1017/jfm.2025.10803.
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