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The regular— Mach reflection transition in steady flows was investigated numerically using the
W-modified Godunov’'s scheme. In addition to the incident-shock-wave-angle-induced hysteresis,
which was discovered a few years ago and reconfirmed in the present study, a new
downstream-pressure-induced hysteresis was found to exist1999 American Institute of
Physics[S1070-663(97)02810-9

As indicated in Ref. 1, two shock-wave-reflection con-the RR>MR transition? An experimental stucfyfailed to
figurations are possible in steady flows, regular reflectiontecord the hysteresis phenomenon. The fact that no experi-
(RR) and Mach reflectiofMR). The RR consists of two mental evidence of this hypothesis was reported was attrib-
shock waves; the incident shock wave,and the reflected uted to the belief that the RR is unstable in the dual solution
shock waver. They meet at the reflection poifR, whichis  domain.
located on the reflecting surface. The flow states @e Based on the principle of minimum entropy production it
ahead ofi, (1) behind it, and(2) behindr. The angle of was shown analyticalfyin the mid-1990s that the RR wave
incidence,¢,, of a regular reflection is sufficiently small so configuration is stable in the dual solution domain. Soon af-
that the streamline deflectior;, caused by the incident ter, the hysteresis phenomenon in the<RRR transition
shock wavej, can be canceled by the opposite streamlinewas recorded experimentally for the first tim&Vhile the
deflection,d,, caused by the reflected shock waveThere- MR—RR transition was recorded to occur at the von Neu-
fore, the boundary condition of an RRés— 6,=0. The MR mann condition,¢2‘, the RR—~MR transition was found to
consists of three shock waves: the incident shock wave, take place at about 2° below the detachment criterggh, It
the reflected shock wave, and the Mach stenm, and one s important to note that in a recent st@dtywas claimed that
slipstreams. They all meet at a single point, the triple point, the above mentioned hysteresis could be observed only with
T. The Mach stemn, is usually a curved shock wave which models having small aspect ratios. Then the existence of
is perpendicular to the line of symmetry at the reflectionboth RR and MR wave configurations in the dual solution
pointR. The flow states aré) ahead of andm, (1) behind  domain[for the same flow Mach numberb],, and reflect-

i, (2) behindr, and(3) behindm. Unlike the case of an RR, ing wedge anglesf,,, but different distances from the line
where the net deflection of the streamline is zero, in the casef symmetry}f was demonstrated numerically using an FCT
of an MR the net deflection of the streamline is nonzero, inbased algorithni.Following these studies numerical simula-
general, and the streamlines behind the triple point are diions based on the DSMC mettbd® and the TVD
rected towards the line of symmetry. Since the streamlinealgorithn?’'! demonstrated the above mentioned hysteresis
on both sides of the slipstream must be parallel, the boundanyhenomenon, for identical initial conditions, for the first
condition of an MR isf;— 6,= 05. time.

Two extreme criteriag)—the von Neumann criterion In order to better understand the shock wave reflection,
and ¢?—the detachment criteriohat which the RR>-MR in general, and the hysteresis process, in particular, a detailed
transition can occur, are known. Theoretically, RR is notnumerical study was conducted. The numerical code is based
possible forg,> #? and MR is not possible fap;<¢). In  on the W-modified Godunov's scheme. It is an explicit
the ranged;?g 1< ¢1D, both RR and MR are theoretically monotone scheme of second order accuracy in space and
possible. For this reason this range is known as the dudlme. The scheme uses additive corrections to fluxes in the
solution domain. governing equations, with subsequent employment of the

The existence of the dual solution domain led, in thefirst order accurate Godunov scheme to the modified system
early 1980s, to the hypothesis that a hysteresis can exist iof equations. As proven by Vasili&/such a procedure pro-
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FIG. 2. Density contours foM,=4.96 and 13 different values g, /po
illustrating the downstream-pressure-induced hysteresis in thexRR
FIG. 1. Density contours foM,=4.96 and 11 different values @f, illus- transition. ¢, =29.5°, Grid 10X 60.

trating the incident-shock-wave-angle-induced hysteresis in the>-RR

transition. Grid 106 60. both numerical values, i.e., 31.1° for the MHRR transition

and 36.5° for the RR-MR transition are in good agreement

vided a second order accurate in space and time solution gfith the respective experimental values reported in Ref. 5,
the governing equations. The scheme was used with an adaps | 30.9° and 37.3°. It should also be noted here that Ref. 6

tive curvilinear grid which moved with the Mach stem. The suggests that owing to the three dimensionality of the experi-

grid consisted of 78160 cells, where initially the 70 cells ents this agreement is fortuitous.

were assigned along the Mach stem. The computation was |5 aqdition to the above described hysteresis, a hyster-
initiated by setting up an oblique shock wave over the reggis hased on a completely different mechanism, i.e., a
flecting wedge(appropriate to the given flow Mach number, qoynstream-pressure-induced hysteresis, was discovered.

Mo, and wedge angl€j,,) and a straight Mach stem, normal rhe numerical results favl =4.96, ¢,=29.5°, and 13 dif-
to the line of symmetry, at the minimum cross section. The

stationary solutions were calculated using relaxation tech- 0.1

nigues. After a few thousands time steps a satisfactory con-

vergence was obtained. The computation was continued for 0.08

200-300 additional time steps with gradual linear change of »,, —1

the reflecting wedge angle until the new value of the wedge L //

angle was obtained. The initial conditions for each case were 0.06 2

the solution of the previous case. /
The above mentioned incident-shock-wave-angle- 0.04

induced hysteresis was reconfirmed. The numerical results /

for My=4.96 and 11 different values of incident-shock-

wave-anglesg,, which follow the sequence 39°, 37°, 35°,

33°, 32°, 31°, 32°, 33°, 35°, 37°, and 39° are shown in Fig. 1,

respectively. The numerical MRRR transition angle was 08 U0 12 14 16 18 20 2 24

found to be 31.1° in good agreement with the theoretical

value ¢'=30.9°. For the reversed RRMR transition the

numerical value was found to be 36.5° in comparison to the: g, 3. The actual hysteresis loop in thegg,/L,p./Po) plane for M

theoretical value¢'f=39.3°. It should be noted here that =4.96 and¢,=29.5°.

]
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