Pseudo-Steady Shock Wave Reflections:
A State-of-the Knowledge Review

G. Ben-Dor
Pearlstone Center for Aeronautical Engineering istud
Department of Mechanical Engineering
Ben-Gurion University of the Negev
Beer Sheva, Israel

Abstract

The distinguished philosopher Ernst Mach publistiedfirst known paper on the phenomenon
of planar shock wave reflections over straight rarper 125 years ago in 1878 [1]. In his
publication he presented two wave configuratiorsd tould result from this reflection process,
namely a regular reflection (RR) and a configuratibat was later named after him and was
called Mach reflection (MR). In 1945, Smith [2] m@ped on an additional wave configuration,
which was slightly different from the Mach reflemti wave configuration that was reported by
Mach. Smith [2] did not ascribe any special impoct to the wave configuration that he
observed. The wave configuration was recognizedramdependent one only about 5 years
later when White [3] published the discovery ofeavrnwave configuration, that was named as
double-Mach reflections (DMR) because it had simigatures to that of the Mach reflection
wave configuration that was discovered by Machbjdt] all the features repeated in it twice. For
this reason the Mach reflection wave configuratioas been re-named to single-Mach
reflection. The discovery of the double-Mach refil@c revealed that the wave configuration
that was first observed by Smith [2] was an intadiae wave configuration between the
single-Mach reflectiongMR) and the double-Mach reflection (DMR) wave cgnfiations. For
this reason it was named transitional-Mach reftec{iTMR).

Since the discovery of the DMR many investigatiomsre aimed at elucidating the exact
transition criteria between the above-mentioned fitferent wave configurations as well as
some additional sub-configurations that were disced later.

In 1991 Ben-Dor [4] published a monograph, entiti&tock Wave Reflection Phenomena”,
that was, in fact, a state-of-the-knowledge reviéwthe phenomena.

A few years later, in 1995, Li & Ben-Dor [5] modifi the analytical approach for evaluating
the transition criteria from the single-Mach to trensitional-Mach reflection§MR <> TMR)
and from the transitional-Mach to the double-Maetiection (TMR <> DMR ), and presented
some new criteria for the formation and terminatioih both the TMR and DMR wave
configurations.

Experimental results from various sources revettiadl the transition boundaries between the
SMR, TMR and DMR wave configurations that were loage the modified analytical approach
were indeed more accurate than those that were auged in the Ben-Dés monograph [4].

Unfortunately, however, the results of the modifeathlytical approach of Li & Ben-Dor [5]
have not been internalized, and publications bjouarauthors in the past decade neglected the
revised and better transition criteria, and kepteferring to the wrong criteria that appear in
Ben-Dor’'s monograph [4]. For this reason, the abmeationed 10-year old work of Li & Ben-
Dor [5] is presented again.



Introduction

When a planar shock wave that propagates with ataoh velocity encounters a sharp
compressive straight planar ramp in a shock tubetdracts with the ramp surface and reflects
over it.

Depending upon the shock wave Mach numiMdg, and the reflecting ramp anglé,, , the

resulted wave configuration can be one of the valhg two general types: a regular reflection,
RR, or an irregular reflection, IR, wave configuoat

The IR can be either a von-Neumann reflection, viNRich is typical to small ramp angles and
weak shock waves or a Mach reflection-MR.

The Mach reflection wave configuration, which irepdo-steady flows is always a direct-Mach
reflection, i.e., a Mach reflection in which itsple point, T, moves away from the reflecting
surface [see e.g., Courant & Friedrichs [6], carfurther divided into three different types: a
single-Mach reflection, SMR, a transitional-Machfleetion, TMR, and a double-Mach
reflection, DMR. Schematic illustrations of the weaconfigurations of these five types of
reflection are shown in figure 1. Mach [1] was flist to observe and report on the RR and the
SMR wave configurations, Smith [2] discovered thBIR wave configuration, White [3]
discovered the DMR wave configuration, and the ki first reported slightly over a decade
ago by Colella & Henderson [7].
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Figure 1: Schematic illustrations of the wave cguafations of a) regular reflection, RR, b) von
Neumann reflection, VNR, c) single-Mach reflecti®MR, d) transitional-Mach reflection,
TMR, and e) double-Mach reflection, DMR.

The Wave Configurations and Their Transition Criteria: State-of-the-Knowledge
Li & Ben-Dor [5] showed that the best approach ¢oivk the transition criteria between
the above presented shock wave reflection configums is to consider the entire interaction
process to be a combination of two sub-processasely:
e The shock wave reflection process, i.e., the reflection of the incident shock waweio
the reflecting surface, and
e Theflow deflection process, i.e., the deflection of the incident shock wawetced
flow around the leading edge of the reflecting ramp



Law [8] referred to the interaction of these twogesses as thshock diffraction process. This
approach, which was initiated more than 30 yeamstagLaw [8] and Law & Glass [9] and
followed soon after by Ben-Dor [10], was, in faigiored by almost all the researchers who
searched for the transition criteria between thevebmentioned various wave configurations.
Instead, they limited their investigations to dexy the various transition criteria by
considering the shock wave reflection process only.

Li & Ben-Dor [5] showed that the transition criterihat were derived by considering the shock
reflection process only and neglecting the flowletgfon process and its interaction with the
shock wave reflection process failed in accurasdparating between the above-mentioned
different wave configurations. They also showed tiave configurations of both the TMR and
the DMR are, in fact, dominated by the intensityhaf interaction between these two processes,
and as a consequence their domains and transititania cannot be determined unless the
interaction process between these two processesainted for.

Modes of interaction between the two processes

Consider figure 2 in which the above-mentioned kBheave reflection and the flow deflection
processes are schematically illustrated. The shaule reflection is an MR with a triple point,
T, and a reflected shock wave, r, which is seeextend to point Q. The flow state behind the
reflected shock wave is denoted by (2). For thel@ga convenience the slipstream and the
notation of the other flow regions of the MR wawmfiguration are not shown in figure 2. The
incident shock wave Mach number 8, and the shock-induced flow Mach numberN .

The bow shock wave (B), which arises from the deibe process of the shock wave induced
flow around the leading edge of the ramp, extenggoupoint b. The flow domain between

point b to which the bow shock, B, extends and {p@Qirto which the reflected shock wave, r,

extends is the domain in which the interaction leetwthe two processes takes place.

A

Figure 2: Schematic illustration of two possibleenaction mechanisms between the shock
wave reflection and the flow deflection process@s.The incident shock induced flow is

subsonic,M; <1, and b) the incident shock induced flow is supeigav; >1.

Let us define the pressure behind the reflectedksh@ve p, and that behind the bow shock
wave p,. Li & Ben-Dor [5] showed that these two pressuies, p, and p,, can be used to
express the “strength” of the shock wave reflectimmd the flow deflection processes,



respectively, and that their magnitudes deterniirgenhechanism by which the flow field that
results from the interaction of these two processegatched.

e If p,<p, (see figure 2a) then a band of expansion distwdmmpropagate towards
region (2) behind the reflected shock wave, r,ridde the pressure differengg — p, < 0, and

e If p,>p, (see figure 2b) then a band of compression diaha®s propagate towards
region (2) behind the reflected shock wave, r, tiolge the pressure differenqgg, — p, > O.
Based on Semenov & Syshchikova [11] the boundatyvdmn these two situations, i.e.,
p,=p,, is associated with the situation in which theideat shock-induced flow is exactly
sonic, i.e.,MlL =1. As a consequence,

e p,<p, whenM; <1, and

e p,>p, whenM: >1
as is indicated in figures 2a and 2b, respectively.

Thetransition criteria

The RR < IR transition criterion

Out of the various suggested criteria for RB <> IR transition, i.e., the termination of the RR
wave configuration and the formation of the IR waemfiguration (see Ben-Dor [4] Sec. 1.5,
for details), the one that best agrees with pseteady shock-tube experimental data, is the
one arising from the length scale concept thatfmasarded by Hornung et al. [12]. Following
their concept, the RR wave configuration terminatespseudo-steady flows, when the flow
behind the reflected shock wave, r, of the reftettpoint, R, becomes sonic in a frame of
reference attached to point R. This criterion implihat theRR <> IR transition occurs when

M5 =1 )

where M5 is the flow Mach number in state (2), behind tefiected shock wave of the RR

wave configuration, with respect to the reflectipoint R. As long asM§ >1, the corner-
generated signals, which result from the flow deftn process around the leading edge of the
ramp, cannot catch-up with the reflection point,aRd an IR wave configuration, which is
typified by a finite length shock wave that is knmows the Mach stem, is impossible. The
condition M5 >1 implies that a physical length scale is unavadadtl the reflection point, R,
and as a result the reflected shock wave, r, asgétr in the vicinity of the reflection point.

The MR <> VNR transition criterion

Once the corner-generated signals have caught tipthe reflection point, R, an IR wave
configuration, typified by a finite length shock veathat is known as the Mach stem, is formed.
Note that the above-mentioned communication ofyssighl length scale to the reflection point,
R, is a condition for the formation of wave configtions containing a finite length shock wave
like the IR wave configurations.

As mentioned earlier the IR wave configuration baneither an MR wave configuration or a
VNR wave configuration. The parameter determinirigeter the IR wave configuration is a
VNR or an MR is the angle of incidence,, between the direction of the flow in state (1),

behind the incident shock wave, i, and the reflisteock wave, r.

The reflection is an MR wave configuration as loag ¢, <n/2. Consequently, the
MR <> VNR transition takes place when



¢2 = (2a)
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When ¢, =n/2, the flow passing through the reflected shock waveerpendicular to the

shock wave. Consequently, the flow is not defledtedhe reflected shock wave and it remains
perpendicular to the reflected shock wave. Howelvased on the boundary conditions across
the slipstream, s, the flow behind the reflectedckhwave must be parallel to the slipstream.
Consequently, it is obvious that the condition gilsy (2a) can be rewritten as

(2b)

where o, is the angle between the reflected shock wavand,the slipstream, s. It should be

noted here that the above-mentioned reflected shaale, which is clearly visible in the MR
wave configuration degenerates to a band of commmeswaves in the VNR wave
configuration.

The SMR«+ TMR & DMR transition criteria
Once the just-mentioned condition for the existeat@an MR wave configuration is met the
value of the flow Mach number, in state (2), behine reflected shock wave of the MR, with

respect to the triple point T, i.eM;, becomes the significant parameter that deterntines
particular type of the obtained Mach reflection wawonfiguration.

As long asM] <1 the wave configuration is that of an SMR typified a reflected shock

wave, which is curved along its entire length. Taet that the reflected shock wave is curved
along its entire length implies, as mentioned earlithat a physical length scale is
communicated through state (2) to the triple p&iom which the curved reflected shock wave
emanates. Gasdynamic considerations imply thatcimismunication path is possible only as

long as the flow in state (2) is subsonic with eetfo the triple point, T, i.eM] <1.

When the flow in state (2) becomes supersonic veigipect to the triple point, T, i.eV] >1, a

supersonic flow zone blocks the just-mentioned comgation path and the reflected shock
wave develops a straight portion that is termindtea kink, K, which most probably indicates
the point along the reflected shock wave that leenlreached by the leading-edge-generated
signals, i.e., the point where the interaction leetvthe shock wave reflection and the flow
deflection processes takes place. Thus the SMR wawviguration terminates and gives rise to
either a TMR or a DMR wave configurations when

M] =1 (3a)

Shirouzu & Glass [13] proposed an additional nemgsébut not sufficient) condition for the
termination of the SMR and the formation of the TMRd the DMR wave configurations,
which has the property of slightly shifting thens&ion line based on the criterion given by
(3a). Their additional condition was based on thsumption of Law & Glass [9] that the
horizontal velocity of the kink, K, is equal to ticident shock wave induced flow velocity.
Based on this assumption, they concluded that iEMR wave configurationo, < /2. Here

®, is the angle between the incident and the reflesk®ck waves. Based on this experimental

finding, which has not been supported as yet by amglytical explanation, the following
condition should also et in order to enable the termination of the SN the formation of
either the TMR or the DMR wave configurations



(3b)

Once the earlier-mentioned kink has been formedgatbe reflected shock wave, r, of the MR
wave configuration, the value of the flow Mach nwenin state (2) behind the reflected shock
wave with respect to the kink, K, becomes the §iggmt parameter in determining whether the
resulted wave configuration is a TMR or a DMR.

Based on the earlier remark that the wave systgrnnhich the flow fields that result from the
shock reflection and flow deflection processespatehed, depends on whethgr is greater or

smaller thanp,, Li & Ben-Dor [5] proposed to distinguish betweemo cases that lead to

different types of wave configurations:
Case 1: when p, < p,, the resulted wave configuration is a pseudo-TMRvhich the leading

disturbance propagating towards region (2) is apaegive wave. As a result, no
reversal of curvature exists along the reflectedckhwave, r, of the TMR wave
configuration. For this reason it is termed pselitéR.

Case 2: whenp, > p,, the resulted wave configuration is either a TMRA@®MR. The specific

type of the resulted wave configuration dependsvbether the interaction between

the shock reflection and the flow deflection praessis “weak” or “strong”.

o The interaction is weak if the leading disturbapogpagating towards region (2) is
a compressive wave, and

0 The interaction is strong if the leading disturbapeopagating towards region (2)
is a shock wave that is formed from the convergeotdhe just-mentioned
compression waves.

The intensity of the interaction, i.e., whetheisitveak or strong, is determined by the incident
shock wave Mach numbeM,, and the reflecting ramp angl8,, . Li & Ben-Dor [5] showed

that if the interaction is weak, i.e., when a dlistted band of compression waves propagates
towards region (2) and the resulted wave configomais a TMR, the leading disturbance of
this band of compression waves, which does notegevto form a shock wave, interacts with
the reflected shock wave, r, at the kink, Knd forces it to reverse its curvature. THM§ is

always equal to unity in the case of a TMR wavefigomation. Li & Ben-Dor [5] presented an
analytical model for predicting the location of tiek of a TMR wave configuration.

However, if the interaction is strong, the compi@ssvaves converge to form a shock wave, r'.
This shock wave forces the reflected shock wavey develop a strong discontinuity (a sharp
kink) that develops to become the second tripletpdi'. Based on gas dynamic considerations
[6], a secondary slipstream must compliment thigdrmpoint.

Li & Ben-Dor [5] presented two simplified analytlaaodels that described two different DMR
wave configurations for determining the locatiortlué second triple point T' of the DMR wave
configuration.

! Note that in the case of a TMR wave configuratioa kink is not as sharp as in the case of a DMR
wave configuration. It is in fact a point along tteflected shock wave where a reversal of curvature
takes place.



Figure 3: Schematic illustration of two differerdgsible wave configurations of double Mach
reflection a) the secondary reflected shock wavmiteates perpendicularly on the primary
slipstream, and b) the secondary reflected shockewearminates on the reflecting wedge
surface at the point where the primary slipstreaathes the reflecting surface.

The just-mentioned two DMR wave configurations, ethiare schematically illustrated in

figures 3a and 3b, differ in the way the secondaflected shock wave, r', interacts with the

primary slipstream, s.

¢ In the first case, shown in figure 3a, the secondaflected shock wave, r', terminates
perpendicularly somewhere along the primary slgastr, s.

¢ Inthe second case, shown in figure 3b, the secgndfiected shock wave, r', terminates at
(or near) the point where the primary slipstreameaches the reflecting ramp surface.
Gasdynamic considerations [6] imply that in thise& does not have to be perpendicular
to s.

The analytical models that were developed by Li &BDor [5] enables one to accurately
calculate the location of the second triple poirit, along the reflected shock wave, r. The
accurate location of the second triple point isdeeein order to transform the frame of
reference from the first to the second triple poirtis transformation is needed in order to
calculate the flow Mach number in state (2) behhalreflected shock wave with respect to the

second triple pointM] since the condition for the existence of the DM&& configuration is
M} >1.

Li & Ben-Dor [5] proved, based on simple gasdynamic physical considerations [6], that
under no circumstances could the flow Mach numiedirg the second triple point become

supersonic with respect to the second triple pdvh},, i.e., M <1 always! Consequently, the

hypothesis of Ben-Dor [4] and Ben-Dor & Takayamd][that additional wave configurations,
e.g., a triple-Mach reflection, can occur is wroagd only the above presented five wave
configurations, i.e., RR, VNR, SMR, TMR and DMR aessible in the case of the reflection of
a planar incident shock wave over a sharp compessiaight planar ramp surface.

It should be mentioned here that Vasilev & Kraik®] showed numerically that the wave
configuration that results in the weak shock wawendin is not a vNR but a configuration
which was first predicted by Guderley [16] almo$t Years ago. Skews & Ashworth [17]
claimed recently that they managed to experimgntadtify Vasilev & Kraiko’s [15] finding
and showed Guderley’s [16] prediction. The wavefigumation that was predicted by Guderley
[16] consisted of a Prandtl-Meyer expansion fan adrately behind the reflected shock wave.
Skews & Ashworth [17] suggested to name this wamgfiguration after Guderley and call it
Guderley reflection, GR.



Based on the forgoing presentation the conditiortsraquirements for the transitions between
SMR, TMR and DMR are as follows. The necessary anfficient conditions for the
SMR < TMR transition are

M] =1 (4a)
M; =1 (4b)

where, as mentioned earliév]} is the flow Mach number in region (2) in a franfeeference

attached to the first triple point, T, ard; is the incident shock-wave induced flow Mach
number, i.e., the flow Mach number in region (1}he laboratory frame of reference.

Determining the conditions that sharply distinguisttween the transitional and the double-
Mach reflections is much more difficult. This is edluo the fact that the TMR wave

configuration, as its name indicates, is a primatgge of the DMR wave interaction.

Consequently, these two wave configurations arepetitnle and distinguishing between them
is sometimes impossible.

In general, it can be said that the condition figr ¢xistence of the TMR wave configuration is
M} =1 (5)

Similarly, the condition for the existence of th&R wave configuration is
M] >1 (6)

It should be noted here that as shown by Li & Ben-[3] the kink K of the TMR wave
configuration and the second triple point T' of DEIR wave configuration are two different
points whose locations along the reflected shockewa, are calculated using different
analytical models.

Ben-Dor [4] showed analytically that depending ba telative values of the firsy, , and the
second,y ', triple point trajectory angles, the DMR wave dguafation could be divided into
two subtypes; a positive DMR wave configuration, RMfor which ¢'>v, and a negative
DMR wave configuration, DMR for which y'<y. Consequently, theDMR" <> DMR"™
occurs at

X' =% (7)

Figure 4 presents the domains of the RR, the SKRTMR and the DMR wave configurations
in the (M, 6,,)-plane for air.

e The SMR-wave configuration domain is labeled by A.
e The TMR-wave configuration domain is labeled by B.
Based on the foregoing discussidh; =1 everywhere inside this domain. The line

separating domains A and B is given by equatiop, (4a, M} =1.

The DMR-wave configuration domain is labeled byT@e line separating domains B and C is
given by a slight modification of equation (6),.,.M] =1+¢& wheres — 0. The reason for not

attempting to calculate a line for whid¥l] =1 lies in the fact that such a requirement implies
that the secondary reflected shock wave, r', ig&aét not a shock wave. Consequently, in order



to ensure that r' remains a shock wave the comdiit =1+¢ should be used. The exact
location of the line separating the TMR and the DM&ve configuration domains depends on
the value chosen foe. The valuee =0.01 was used in the calculation shown in figure 4.
Larger values ofe would shift the transition line further into theMR wave configuration
domain.
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Figure 4: Verification of the transition lines adaulated using the state-of-the-knowledge
criteria with experimental results (The experimearts taken from [16])

Note that since the existence of TMR and DMR waegfigurations implies that the shock
induced flow should be supersonic [see equation)] (#e transition linesM] =1 and

M] =1+¢ are terminated a1, =2.07, which is the value appropriate M; =1.

The addition of this modification caused 5 SMR-axpents (squares), which previously lied
inside the TMR-wave configuration domain, to behiair correct SMR-domain.

Summary

Five different wave configurations that can be ot#d when a planar incident shock wave that
propagates with a constant velocity reflects ower surface of a sharp compressive straight
planar ramp in a shock tube were presented.

The five wave configurations are: the regular @, RR, the von Neumann reflection, vNR,
the single-Mach reflection, SMR, the transitionak® reflection, TMR, and the double-Mach
reflection, DMR. The DMR wave configuration can tmibdivided into two wave
configurations, the positive DMR, i.e., DMRnd the negative DMR, i.e., DMR

The state-of-the-knowledge of the conditions fag thrmation, existence and termination of
each one of these wave configurations, as welhas tlomains in the(Ms,GW)—pIane were

presented.



Acknowledgement
This study was conducted under the auspices obth&lorton and Toby Mower Professorial
Chair of Shock Wave Studies.

List of References

[1] Mach E (1978) Uber den Verlauf von Funkenwellen der Ebene und im Raum",
Sitzungsber Akad. Wiss Wien, V. 78, pp. 819-838.

[2] Smith LG (1945) Photographic investigation bétreflection of plane shocks in air. OSRD
Rep. 6271, Off. Sci. Res. Dev., Washington, D.GG.HA., or NDRC Rep. A-350.

[3] White DR (1951) An experimental survey of thedh reflection of shock waves. Princeton
Univ. Dept. Phys., Tech. Rep. 11-10, Princeton,. NJUBA.

[4] Ben-Dor G (1991 shock Wave Reflection Phenomena. Springer, New-York, U.S.A.

[5] Li H and Ben-Dor G (1995) Reconsideration oépdo-steady shock wave reflections and
the transition criteria between them. Shock Wave&(1/2), pp. 59-73.

[6] Courant R Friedrichs KO (194&upersonic Flow and Shock Waves. Wiley Interscience,
New York, NY, U.S.A.

[7] Colella P & Henderson LF (1990) The von Neumgamadox for the diffraction of weak
shock waves. J. Fluid Mech., V. 213, pp. 71-94.

[8] Law CK (1970) Diffraction of strong shock wavbg a sharp compressive corner. UTIAS
Tech. Note 150, Inst. Aeros. Studies, Univ. Torpimronto, Ont. Canada.

[9] Law CK Glass Il (1971) Diffraction of strong @tk waves by a sharp compressive corner.
CASI Trans., V. 4, pp. 2-12.

[10] Ben-Dor G (1978) Regions and transitions ofnstationary oblique shock wave
diffractions in perfect and imperfect gases. UTIASpt. 232, Inst. Aeros. Studies, Univ.
Toronto, Toronto, Ont. Canada.

[11] Semenov AN Syshchikova MP (1975) Propertiedaich reflection in the interaction of
shock waves with a stationary wedge. Comb. Exgihtack Waves, V. 11, pp. 506-515.

[12] Hornung HG Oertal HIr Sandeman RJ (1979) Ttians to Mach reflection of shock
waves in steady and pseudo-steady flow with antowit relaxation. J. Fluid Mech, V. 90, pp.
541-560.

[13] Shirouzu M Glass Il (1986) Evaluation of asqtions and criteria in pseudo-stationary
oblique shock wave reflections. Proc. Roy. Soc.damm Ser A, V. 406, pp. 75-92.

{14] Ben-Dor G Takayama K (1992) The phenomenataick wave reflection-a review of
unsolved problems and future research needs. ShNagks, V. 2, pp. 211-223.

[15] Vasilev E Kraiko A (1999) Numerical simulatiarf weak shock diffraction over a wedge

under the von Neumann paradox conditions. ComphM&atMath. Phys., V. 39, pp. 1335-
1345.

10



[16] Guderley KG (1947) Considerations on the gtreee of mixed subsonic-supersonic flow
patterns. Tech. Rep. F-TR-2168-ND, Wright Field AUS

[17] Skews B Ashworth JT (2005) The physical nanfreveak shock wave reflection. J. Fluid
Mech., V. 542, pp. 105-114.

[18] Ben-Dor G (1978) Nonstationary oblique shoclver reflection in nitrogen and argon:
Experimental results. UTIAS, Rept. 237, Univ. Tamrilroronto, Ont., Canada.

11



