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Abstract. A combined computational and experimental study was performed to investigate the effect of a
single laser energy pulse on the transition from a Mach Reflection (MR) to a Regular Reflection (RR) in the
Dual Solution Domain (DSD). The freestream Mach number is 3.45 and two oblique shock waves are formed
by two symmetric 22◦ wedges. These conditions correspond to a point midway within the DSD wherein
either an MR or an RR is possible. A steady MR was first obtained experimentally and numerically,
then a single laser pulse was deposited above the horizontal center plane. In the experiment, the laser
beam was focused resulting in a deposition volume of approximately 3 mm3, while in the simulation, the
laser pulse was modeled as an initial variation of the temperature and pressure using Gaussian profile. A
grid refinement study was conducted to assess the accuracy of the numerical simulations. For the steady
MR, the simulation showed the variation of Mach stem height along the span due to side effects. The
predicted spanwise averaged Mach stem height was 1.96 mm within 2% of the experimental value of 2 mm.
The experiment showed that the Mach stem height decreased to 30% of its original height due to the
interaction with the thermal spot generated by the laser pulse and then returned to its original height by
300 µs. That the Mach stem returned to its original height was most likely due to freestream turbulence in
the wind tunnel. The numerical simulation successfully predicted the reverse transition from a stable MR
to a stable RR and the stable RR persisted across the span. This study showed the capability of a laser
energy pulse to control the reverse transition of MR → RR within the Dual Solution Domain.

Key words: Local flow control, MR → RR transition, Laser pulse

1 Introduction

Aerodynamic flow control has an important impact on the
design of high performance supersonic and hypersonic air
vehicles. Knight et al. (2002) recently surveyed research
efforts on aerodynamics of flow control using energy depo-
sition. A great effort (Chernity 1999; Levin and Terent’eva
1993; Myrabo and Raizer 1994; Pilyugin et al. 1997; Rig-
gins et al. 1999; Toro et al. 1998; Tretyakov et al. 1996)
has been focused on global flow control using energy depo-
sition for drag reduction and modification of vehicle aero-
dynamic forces and moments, and MHD control. More
recently, attention has been directed towards local flow
control due to the highly localized fluid dynamic phenom-
ena involved with the aerodynamic performance, e.g., re-
ducing peak surface pressure and heat transfer, modifying
separation regions, changing the shock structure, etc. As
opposed to global flow control, local flow control requires
only small scale energy addition.
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Fig. 1. MR and RR
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The crossing shock wave interaction is a fundamental
phenomenon in high speed flight. For example, a scramjet
powered hypersonic vehicle may utilize shock interactions
to decelerate the flowfield in the inlets for more efficient
combustion. The intersection of two symmetric oblique
shock waves may result in either an RR or an MR (Fig. 1).
When the incoming Mach number (M∞) exceeds a critical
Mach number MC (where MC is 2.202 for a diatomic gas
(Molder 1979) and is approximately 2.2 for perfect air), a
Dual Solution Domain (DSD) is formed, wherein either an
RR or an MR can theoretically exist. The DSD is bounded
by the detachment angle αD and the von Neumann an-
gle αN as illustrated in Fig. 2, wherein α is the shock
angle and θ is the wedge angle. Two conditions for the
RR ↔ MR transition are the detachment condition (αD)
beyond which an RR wave configuration is theoretically
impossible and the von Neumann condition (αN ) below
which an MR wave configuration is theoretically impossi-
ble. Von Neumann (1963) was the first to introduce these
two conditions as possible RR ↔ MR transition criteria.

Hornung et al. (1979) hypothesized that a hysteresis
could exist within the DSD. For increasing α (beginning
with α < αN , i.e., an RR), the forward transition angle
αF

tr for RR → MR equals αD. For decreasing α (beginning
with α > αD, i.e., an MR), the backwards transition angle
for MR → RR equals αN . Experiments and numerical sim-
ulations by Chpoun et al. (1994) and Ivanov et al. (1995),
(1996), (1997), (1998), (2001) confirmed the hysteresis
model of Hornung et al. (1979). A recent review paper by
Ben-Dor et al. (2002) summarized the recent research on
hysteresis induced by the Mach number variation and the
wedge angle variation. This paper also discussed the influ-
ence of three dimensional effects and freestream perturba-
tions on the RR ↔ MR transition. Chpoun et al. (1995)
experimentally suggested that the three dimensional ef-
fects have a larger influence on the RR → MR transition
than on the MR → RR transition. Many other researchers
(Ivanov et al. 1997; Schmisseur and Gaitonde 2001; Skews
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Fig. 3. Computational domain

1997, 2000) also claimed that their experimental results
were affected by three-dimensional edge effects. Ivanov et
al. (1996) and Khotyanovsky et al. (1999) investigated
the influence of freestream density perturbations on the
RR ↔ MR transition. They proposed the threshold level
of the perturbations capable of causing such transition.

In the DSD, either an RR or an MR is theoretically
possible. Different shock structures may significantly af-
fect the entire performance of the vehicle. For example,
at Mach 5 and α = 35◦ (i.e., midway between αN and
αD), the stagnation pressure ratio across the RR is 349%
greater than the MR. Consequently, the ability to con-
trol the RR ↔ MR transition is important for scramjet
propulsion. The intersecting oblique shock waves may be
viewed as representative of a high speed inlet, wherein the
appearance of an MR causes a significant degradation in
propulsion efficiency due to the decreased total pressure
recovery compared to an RR. Assuming the inlet design
point lies below the von Neumann angle (i.e., the inlet is
designed for an RR only), it is nonetheless possible for the
inlet to momentarily be in the DSD (due to vehicle ma-
neuver or gust response) wherein an RR → MR transition
can spontaneously occur.

The objective of this combined computational and ex-
perimental study is to determine the capability of laser
energy deposition to momentarily reduce the extent of
the Mach stem or even to force a transition from a sta-
ble MR to a stable RR within the Dual Solution Domain,
thereby improving total pressure recovery and propulsion
efficiency.

2 Flow configuration

A Mach 3.45 flow enters two symmetric 22◦ wedges, which
corresponds to a point midway in the DSD shown in Fig. 2.
Once an MR is formed, a single laser pulse (E =215 mJ)
is added above the horizontal center plane and on the ver-
tical center plane shown in the numerical model (Fig. 3).
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Fig. 4. Schematic of Rutgers supersonic wind tunnel

3 Experimental facilities

All experiments were performed in the Mach 3.45 super-
sonic wind tunnel of the Rutgers Gas Dynamics and Laser
Diagnostics Laboratory (Fig. 4). The tunnel is a blow-
down facility with compressed air supplied from high pres-
sure (16.6 MPa) air storage tanks with a capacity of 8 m3.
Three four-stage compressors and a regenerative air dryer
are employed. The test section is 15.2 cm × 15.2 cm, and
the total available test time is several minutes per day.
Test section stagnation pressure can be set in the range
of 0.55 to 4.8 MPa, with a typical value of 1.0 MPa, and
the stagnation temperature is ambient (typically 290 K).
The Reynolds number per meter is 1.5 − 24.0 × 107.

A short duration (10 ns) laser pulse is generated
using a frequency doubled Nd:YAG laser (wavelength
λ = 532 nm). The laser beam (1 cm diameter) is fo-
cused through a lens (typically 100 mm focal length) to
a small volume (resulting in an energy deposition region
of 3 mm3). The incident beam energy for the experiments
described herein is 215 mJ (measured before the focusing
lens) and the laser pulse repetition rate is 10 Hz. Addi-
tional information is presented in Adelgren et al. (2001).

Schlieren visualization is performed using a xenon
flashlamp with 1 µs pulse duration. The schlieren im-
age is captured on a CCD camera and digitized. At typ-
ical tunnel stagnation conditions, the freestream velocity
is 640 m/s, yielding an effective flow transit distance of
0.64 mm during the schlieren pulse. A typical model di-
mension (in the cross sectional plane) is 25.4 mm. Thus,
the schlieren image is effectively instantaneous; however,
the image is optically integrated in the spanwise direction
due to the inherent nature of schlieren. Typically multi-
ple images are ensemble averaged at the same time delay
following the laser pulse.

The test conditions and dimensions of the wedge model
are shown in Table 1, where pt and Tt are stagnation pres-
sure and temperature, respectively, and the subscript ∞
denotes the freestream condition.

Table 1. Test conditions and model dimensions

cv E pt∞ Tt∞ V0 ρ∞
(m2/s2K) (J) (MPa) (K) (mm3) (kg/m3)
717.5 0.215 1.138 283 3 0.667

θ α αD αN

(deg) (deg) (deg) (deg)
22 37.3 39.3 35.4

w b/w 2g/w M∞
(mm)
25.4 2.198 1.19 3.45

Legend

θ wedge angle α shock angle (theory)
w shock generator length
b total spanwise length 2g wedge separation distance

4 Numerical methodology

The computational domain Lx × Ly × Lz shown in Fig. 3
is 3.5w×4w×2.2w, where w = 25.4 mm is the shock gen-
erator length measured along wedge surface. The x = 0,
y = 0 and z = 0 planes are the inflow boundary, the lower
boundary and the vertical centerplane, respectively. The
streamwise length Lx was chosen to insure supersonic flow
at the downstream boundary and to keep the blast wave
from the laser pulse away from the upstream boundary.
The transverse and spanwise lengths Ly and Lz are based
on the requirement that the reflections at the boundaries
of the acoustic disturbances originating from the tip of the
wedge and the blast waves from the laser pulse do not in-
teract with the flow structure in the vicinity of the Mach
stem. The trailing edges of the two wedges are placed 2.5w
downstream of the inflow. The center of the laser spot is
located at 0.2w downstream of the leading edge and 0.9w
above the horizontal center plane in accordance with the
experiment.

The flow solver is GASPex which solves the compress-
ible Euler equations. The third-order accurate Van Leer
scheme along with Mid-Mod limiter is used to compute the
inviscid fluxes in each direction and a two-stage Runge-
Kutta scheme is used for the time integration.

The inflow boundary is a uniform Mach 3.45 flowfield
and the extrapolation technique is used for the outflow.
The symmetric boundary is used for the z = 0 plane. The
slip boundary condition is utilized on the wedge surfaces
and also on the upper and lower boundary and z = Lz

plane for simulating the wind tunnel side walls.
The grid is generated by a commercial software ICEM-

CFD. Two sets of grids are generated to conduct a grid
refinement study. Approximately 11 to 25 layers of cells
are used to resolve the Mach stem in the vertical direc-
tion for the coarse and fine grids, respectively. The total
number of cells are 1.5 million and 5.0 million for the
coarse and fine grids, respectively. The grid convergency
is demonstrated in Fig. 5.

The laser energy addition is modeled as a tempera-
ture variation and the breakdown of air is not considered.
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The details are presented in Yan et al. (2003). The initial
condition for no energy addition is

ρ = ρ∞
u = 0.5 × M∞a∞
v = 0
w = 0
T = T∞ . (1)

5 Results

The computation is performed in two steps. The flowfield
is first converged to a steady state in the absence of any
laser perturbation. Then a laser pulse is added by simu-
lating an initial Gaussian temperature distribution at a
specific location.

The steady flow structure without the energy pertur-
bation is first shown. The steady state is obtained when
the Mach stem location doesn’t change with time at the
vertical centerplane. Figure 6 demonstrates the flow struc-
tures at the z = 0 plane for the fine grid. Two oblique
shock waves generated by the leading edges form a Mach
reflection. The flow after this normal shock becomes sub-
sonic. The expansion fans emanating from the trailing
edges are refracted through the reflected shocks and inter-
act with slipstreams, forming a converging-diverging noz-
zle to accelerate the flow to be supersonic. The Kelvin-
Helmholtz structures are clearly observed propagating
along the sliplines, due to the difference in both the ve-
locity and the density along the sliplines. The predicted
spanwise averaged Mach stem height is 1.96 mm for the
coarse and fine grid, and it is within 2% of the experi-
mental value of 2 mm. The measurement uncertainty of
the Mach stem height is ±10%. All the following compu-
tational results are shown for the fine grid simulation.

Fig. 6. Mach number contours at vertical centerplane

Fig. 7. Density isosurface for MR

Three dimensional effects, due to the finite aspect ra-
tio of the wedges, are seen in the spanwise variation of the
Mach stem height. Figure 7 shows this variation in a plot
of the isosurface of density for ρ/ρ∞ = 3.57. The Mach
stem decreases in height from the centerplane (which cor-
responds to the right edge in the figure) and disappears
close to the edge of the wedge (which corresponds to the
left edge in the figure). This observation is consistent with
the study by Ivanov et al. (2001).

Once the steady MR is formed, a laser pulse is added.
The experimental schlieren images are shown in Figs. 8 in
which each experimental schlieren image is an ensemble
of three to eight experiments, although the instantaneous
images show the same trends as described below. The nu-
merical schlieren images which are the contour plot of the
first derivative of the density along the streamwise direc-
tion at the z = 0 plane are plotted for qualitative com-
parison in Figs. 9.

Figures 8a to 8b and Figs. 9a to 9b show the process
of the blast wave and the thermal spot interacting with
the upper oblique shock wave, causing an upstream deflec-
tion of the oblique shock due to the lowering of the local



H. Yan et al.: Effect of energy addition on MR → RR transition 117

Fig. 8a–e. Experiment, a t = 20 µs, b t = 40 µs, c t = 60 µs,
d t = 80 µs, e t = 100 µs

Fig. 9a–e. Simulation, see Fig. 8 for legend
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Mach number from the thermal spot. This deflection even-
tually reaches the Mach stem (Figs. 8c and 9c) at approx-
imately t = 60 µs causing a reduction in the height of the
Mach stem. In the experiment, the Mach stem decreases
monotonically to 30% of its original height as shown in
Fig. 10. This return to an MR may be due to freestream
disturbances in the tunnel. The simulation shows that the
Mach stem finally disappears along the entire wedge span
as shown in Fig. 11 and Fig. 12 and a complete transition
of MR to RR is achieved. The computation runs for 2.0
flowthrough times following the establishment of the RR
(where, one flowthrough time is defined as the time for the
freestream to traverse the whole computational domain)
and the RR is stable as shown in Fig. 11 (where t = 280 µs
is the limit of the computation).

Figures 13 and 14 show the pressure and Mach number
contours at the vertical center plane at the correspond-
ing experimental times. The blast wave formed by the
energy deposition and rapid expansion of gas in the fo-
cal region propagates at supersonic speed relative to the
thermal spot and an expansion fan is formed immediately
behind the blast wave. From the previous study by Yan et
al. (2003), the blast wave weakens very fast and essentially
becomes an acoustic wave after t = 10 µs. A subsonic re-
gion formed due to the significant temperature increase
in the focal region and the blast wave interact with the
upper oblique shock, causing the stretching of the blast
wave and the subsequent increase of its radius of curva-
ture. Meanwhile the blast wave is reflected on the wedge
surface shown in Fig. 13a, and the reflected blast wave cuts
through the subsonic region seen in Fig. 14a. The thermal
spot and the blast wave change the shock structures dra-
matically, not only at the centerplane, but also along the
whole wedge span. Their effects on the shock structures
are shown in Fig. 7 and Fig. 11. The same global effect of
a small thermal spot on the shock structures was observed
by Kolesnichenko et al. (2003), who investigated the inter-
action of the thin density wells with the supersonic blunt
body.

The transition from an MR to an RR may be described
as follows. As mentioned above, the thermal spot and its
induced blast wave convect with the freestream, and first
intersect with the upper oblique shock. Their intersec-
tions generate a complicated shock system, including the
reflection of the blast wave and expansion waves on the
wedge surface, and the deflection and lensing of the up-
per oblique shock (Adelgren 2002). As the deflected upper
oblique shock reaches the Mach stem, the local shock an-
gle is smaller than that for the lower oblique shock, there-
fore these symmetric double wedges actually act as two
asymmetric wedges. Figure 2 shown for symmetric double
wedges is not suitable to explain the transition any more.
Li et al. (1999) and Ivanov et al. (2002) demonstrated
that a hysteresis phenomenon existed in the reflection of
asymmetric shock waves. Following this idea, we consider
that the asymmetric laser pulse may affect the shock re-
flection from the symmetric reflection to the asymmetric
reflection. Figure 15 shows the DSD in (θ1, θ2) plane for
M∞ = 3.45, where θ1 and θ2 denote the lower and upper

Time (µs)

h/
h 0

0 50 100 150 200 250 300
0

0.2

0.4

0.6

0.8

1

Fig. 10. Mach stem height vs t in experiment

X

Y

Z

ρ/ρ∞=3.57

Fig. 11. Density isosurface at t = 280 µs
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z/w=1.5
z/w=2.198

Fig. 12. Mach number along x at different span locations at
t = 280 µs
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a b

c d

Fig. 13a–d. Pressure contours, a t = 20 µs, b t = 40 µs, c t = 60 µs, d t = 80 µs

wedge angle, respectively. The initial wedge angle is dis-
played by a diamond symbol in the middle of the DSD, and
it is also plotted in (α1, α2) plane in Fig. 15, where α1 and
α2 denote the lower and upper oblique shock angle, respec-
tively. The MR → RR transition is described in Fig. 15.
As the deflected upper oblique shock reaches the Mach
stem, the local shock angle is decreased to approximately
11◦ as shown in Fig. 14c, while the lower oblique shock an-
gle remains almost unchanged (37.3◦). The initial point in
the DSD moves below the von Neumann angle, wherein
only an RR exists. When the thermal effects passes the
Mach stem, the upper oblique shock angle changes back
to its initial value into the DSD. However, the RR remains
stable unless the shock angle reaches the detachment an-
gle Hornung et al. (1979).

6 Conclusions

The paper presents a combined numerical and experimen-
tal study of intersecting shocks formed by 22◦×22◦ wedges
at Mach number of 3.45 with a single asymmetric laser en-
ergy deposition. The shock wave angle is within the Dual
Solution Domain wherein either a Mach Reflection or Reg-
ular Reflection is theoretically possible. In the absence of
the laser energy deposition, the Mach Reflection is ob-
served in both the experiment and simulation with the
prediction of the Mach stem height in good agreement
with the experiment. The 3D structure of the shock wave
is shown in the simulation due to the finite width of the
wedges. A laser energy pulse is added after the Mach re-
flection is established. In the experiment, the Mach stem
is reduced to 30% of the original height and subsequently
returns to its original height. A complete transition of
MR → RR is obtained in the simulation. The study shows
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a b

c d

Fig. 14a–d. Mach number contours, a t = 20 µs, b t = 40 µs, c t = 60 µs, b t = 80 µs

the capability of a laser energy pulse to control the reverse
transition of MR → RR.
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