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Numerical Investigation of Shock Wave Reflections
in Steady Flows

J. Vuillon* and D. Zeitoun®
Université de Provence, 13397 Marseille Cedex 20, France

and

G. Ben-Dor*
Ben-Gurion University of the Negev, Beer Sheva 84105, Israel

To better understand the shock wave reflection phenomenon in steady flows in general, and the transition
between regular reflection and Mach reflection in particular, a two-dimensional flowfield model and simulation
over a wedge in supersonic flows was investigated. The numerical simulation enabled one to determine the height
of the Mach stem in a Mach reflection wave configuration. The determination of the height was pointed out as one
of the yet unsolved problems in steady shock wave reflections. The numerical results were compared both with
steady flow experiments performed at nominal freestream flow Mach numbers ranging from 2.8 to 5 and with
analytical results, Based on the presented numerical investigation, a new geometric parameter that controls the
transition between regular reflection and Mach reflection wave configurations was extracted for the flow Mach

number range 2.8-7.

Introduction

WO shock wave reflection configurations are possible in steady
flows,! namely, regular reflection (RR) and Mach reflection
(MR). The RR wave configuration consists of two shock waves: the
incident shock wave i and the reflected wave r. These two shock
waves intersect at the reflection point R, which is located on the re-

flecting surface. The MR wave configuration consists of three shock |

waves: the incident shock wave i, the reflected shock wave r, and
the Mach stem m, and one slipstream s. These four discontinuities
intersect at a single point called the triple point T located above the
reflecting surface. The reflection point R is at the foot of the Mach
stem where it touches the reflecting surface. Schematic drawings,
as well as the definition of some parameters, of RR and MR wave
configurations are shown in Figs. 1a and 1b, respectively.

Consider the MR wave configuration shown in Fig. 2. If one
selects a new triple point 7* with its four discontinuities, paral-
lel to those of T, the two triple points T and T as well as all of
the other triple points that could have been obtained by choosing
a different location for T* along the incident shock wave i, com-
pletely satisfy the conservation equations of the three-shock theory'
of von Neumann,2™* which is the analytical mode! for describing
an MR. Moreover, if experiments conducted with identical initial
gasdynamic and geometrical conditions are repeated, then out of the
aforementioned infinite theoretically possible MR wave configura-
tions, only one is always obtained. As a consequence, it is pointed
out!>3 that one of the as yet unsolved problems in steady flow shock
wave reflections is the way by which the height of the Mach stem of
an MR is controlled by the geometrical parameters associated with
the reflection phenomenon.

Among the studies concerning these two reflection configurations
and in particular the transition between them, i.e., the RR & MR
transition, one can cite in particular the experimental works of
Henderson and Lozzi,%” Hornung and Kychakoff,} and Hornung
and Robinson,® the numerical work of Auld and Bird,!° and more
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recently the one-dimensional analytical approach developed by
Azevedo and Liu.!! In this last paper, the prediction of the Mach stem
height of their analytical model showed a trend similar to the exper-
imental results of Ref. 9 but with some discrepancies attributed by
Azevedo and Liu to the oversimplified assumptions of their model.

For these reasons, our aim was to focus on the shock wave re-
flection phenomenon in steady flows, to more precisely study the
RR < MR transition. This study was conducted through a numer-
ical simulation of a steady supersonic two-dimensional flowfield
between a refiecting wedge and a symmetry line. The steady flow
was obtained through the unsteady evolution of an incident flow
with a given Mach number Mj. The flowfield was governed by the
two-dimensional unsteady Euler equations, which were solved with
a finite difference scheme associated with a flux corrected trans-
port (FCT) algorithm. This numerical method, named the LCPFCT
method, was developed by Oran and Boris? and recently updated
by Boris et al.'?

a)

b)

Fig. 1 - Schematic illustration of shock wave reflection configurations,
and definition of some flow parameters: a) RR and b) MR.



1168 VUILLON, ZEITOUN, AND BEN-DOR

Fig. 2 Schematic illustration of two theoretically possible MR wave
configurations for identical initial conditions.

The numerical investigations were performed for different values
of the incident flow Mach number M, and reflecting wedge angle 6,,,
first to validate the computations through comparisons with experi-
mental results,” second to compare them with the one-dimensional
analytical predictions,!’ and finally to study the influence of the
distance between the trailing edge of the reflecting wedge and the
symmetry line on the transition. This last point enabled us to extract
a new parameter that controls the transition between the RR and
MR wave configurations.

Governing Equations
In Cartesian geometry (x, y), the two-dimensional unsteady Euler

equations that govern a nondissipative flow can be written in the
following generalized conservative form:

ap dpu  dpv
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where u and v are the flow velocity components in the respective
x and y directions, P and p are the local pressure and density, and
E is the total energy per unit mass. To close the system, the perfect
gas equation of state is added; it reads

= (¥ — Dpe @

where e is the internal energy and y is the specific heat capacities
ratio, i.e., C,/C,. The right-hand sides of the preceding set of equa-
tions are separated into two parts, the y and the x direction terms.
For each of the equations, two equations were obtained by splitting
it in each spatial direction; these were solved sequentially by a gen-
eral one-dimensional continuity equation solver. Details regarding
this solver are presented in the next section.

Numerical Method

Integration Stage

The LCPFCT algorithm used in the present study was based on an
explicit finite difference scheme associated with a one-dimensional
FCT algorithm with fourth-order phase accuracy and minimum
residual diffusion. The important properties of FCT are that it is
a high-order, monotone, conservative, positivity preserving algo-
rithm, This means that the algorithm is accurate and resolves steep
gradients, allowing grid-scale numerical resolution. When a con-
vected quantity, such as density, is initially positive, it remains pos-
itive, and no new maxima or minima are introduced resulting from
numerical errors in the convection process.!* This method enables
one to solve generalized continuity equations of the form

3 1 90 '¢v) 1 3(r*'Dy) 1,00 dD,
ar — re-i dr T et or 2 or

+ D3 (5)
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Fig. 3 Schematic illustration of the computational domain imple-
mented around the reflecting wedge and definition of some geometric
parameters.

where ¢ is one of the generalized conserved flow quantities ie.,
(p, pu, pv, pE), which 1s transported with the velocity v in the
spatial direction r.

For the current problem, o = 1 is selected for the resolution in one-
dimensional Cartesian geometry. The explicit terms corresponding
to C3, Dy, Dy, and D3 can be obtained by comparing Eq. (5) to
the respective mass [Eq. (1)], momentum [Eqgs. (2a) and (2b)], and
energy [Eq. (3)] conservation equations. -

In each of the integration directions, a time split step approach
is used, where the x and y integrations are alternated and each se-
quential integration constitutes a full convection time step. To carry
out these sequential integrations using the split step approach, the
time step is chosen such that At < 0.4 min (Af,, Aty), with Aty
and At, given by the Courant—Friedrichs—Lewy stability criterion.

Computational Domain and Boundary Conditions

The computational domain is shown in Fig. 3. The flowfield is
computed around the reflecting wedge on a Cartesian grid taking
into. account the reflecting wedge angle 6,,. A first grid was used
with a nondimensional spatial step (Ay/L) chosen to be equal to
2.31072.and a step (Ax/L) adjusted as a function of 6,, as follows:
Ax = Ay/tan6,. The computational domain was meshed around
80 points in the x direction and between 60-110 points in the y
direction depending on the investigated distance between the trailing
edge of the reflecting wedge and the symmetry line. To prove a grid
independent solution at the steady state, a second grid with half-
values of the prev1ous spatial steps was also used. The numencal
results will be show in the next section.

To avoid prohibitive CPU time, all of the computations were made
with the first grid. As a consequence, the time-step integration time,
governed by the Courant-Friedrichs-Lewy stability criterion, which
depended on the flow fluctuation, had a nondimensional average
value of 0.009. About 5000 time-step iterations were required to
reach the steady shock wave configuration of the flow around the
reflecting wedge. Numerically, this steady flow configuration was
considered to be reached when a fourth order of magnitude drop on
the L, norm residual evolution was obtained. The numerical code
ran on an IBM 3090 VF and the CPU time per 1terat1on and grid
point was about 7.8 107> s/iteration/point.

The boundary conditions of the computational domain (Fig. 3)
were as follows.

1) Supersonic inflow conditions were imposed on side 1.

2) Free-slip flow were confined by an insulating hard wall on
side 2.

3) Flow parameters were extrapolated in the guard cells to account
for the continuity of the flow in the vicinity of the boundary (side 3).

4) The reflection principle was used on the symmetry axis, i.e.,
side4.

5) Finally, slip wall conditions were selected on the wedge

surface.
These boundary conditions were implemented in the same way as
proposed by Boris et al.'? It consisted of developing extrapolations
from the interior computational domain to guard boundary cells
outside of this domain. These guard boundary cells allow cells on
the domain boundary to be treated as interior cells.

Results and Discussion
Code Validation
In Fig. 1, the flow behind the incident shock wave, in state 1 is su-
personic (M > 1). Thus, in state 1, a situation in which a supersonic
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flow is directed toward the symmetry line is obtained, and this flow
must negotiate a fictitious wedge with an angle 8,,. Two cases are
possible, functions of the maximum flow deflection angle 8,n,x (M)
(Ref. 14): 1) if 8,, < 8nax(M;), the flow can become parallel to the
symmetry line through an attached shock wave, which emerges from
the reflection point R, and results in a RR wave configuration, (see
Fig. 1a); and 2) if 8,, > 8ax(M,), the flow will be deflected away
from the symmetry line by a detached shock wave, which leads to
a MR wave configuration, (see Fig. 1b). These flow configurations
have been used to validate the numerical approach of the present
study, and three different pairs of My and ,, values were tested.

Detached Shock Wave

An incident flow Mach number M, = 2.84 and a reflecting wedge
angle 6,, = 40 deg were first chosen. This large reflecting wedge
angle is greater than the analytical maximum flow deflection an-
gle 8ax (M), which for My = 2.84 is equal to 33 deg. Thus, the
conditions of the selected numerical simulation are far from the de-
tachment value, and one should expect a detached shock wave ahead
of the reflecting wedge.

The flow Mach number distribution, which was obtained when the
steady-state solution was reached, is shown in Fig. 4. The detached
shock wave causes the flow in front of the leading edge of the reflect-
ing wedge to become subsonic and to negotiate the wedge surface
through a continuous subsonic turning.!-'* The sonic line clearly
defines two subsonic zones: one located to the front of the reflecting
wedge just behind the detached shock wave and one behind the trail-
ing edge of the reflecting wedge. Along the stagnation streamline
the flow Mach number drops from My = 2.84 to a subsonic value
M, = 0.49 just behind the straight part of shock wave front. This
value agrees well with the theoretical value, which yields 0.48S.
Based on the foregoing discussion it could be concluded that the
first numerical simulation of the evolution of the two-dimensional
inviscid flowfield around the reflecting wedge correctly described
the detached shock wave configuration.

For all of the other numerical simulations, the reflecting wedge
angle 8,, was chosen to be smaller than the maximum deflection
angle 8.« (Mp) to ensure that an attached oblique shock will be
generated at the leading edge of the reflecting wedge.

RR Wave Configuration :

To study an RR wave configuration of an oblique shock wave,
.a numerical experiment with a flow Mach number M, = 2.84 and
a reflecting wedge angle 8,, = 17.5 deg was conducted. The ratio
h/L was set to be equal to 0.37. Here 4 is the distance between the
trailing edge of the reflecting wedge and the symmetry line, and L
is the length of the reflecting wedge (see Fig. 3).

Figure 5 represents the distribution of the Mach number isolines
around the reflecting wedge when the steady state is reached in the

Fig. 4 Mach number distribution of a steady detached shock wave
obtained for M; = 2.84 and 6,, = 40 deg.
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Fig.5 Machnumber isolines of the steady-state RR wave configuration
for My = 2.84, 0,, = 17.5 deg, and h/L = 0.37.
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Fig. 6 Mach number distribution along a longitudinal line located at
h/3 for My = 2.84, 8,, = 17.5 deg, and h/L = 0.37.

two mesh configurations just described: Fig. 5a coarse mesh, Fig. 5b
finer mesh. One can see a quasi-identical shock wave structure with
the same position of the reflecting point on the symmetry axis and
of relating incident and reflected shock waves angles i and r, which
corresponds to an RR. There, respective wave angles w; = 35 deg
and w, = 28.5 deg indicate that the RR is a nonspecular reflection.
Notice also the subsonic zone behind the reflecting wedge and the
interaction of the reflected shock wave with the leading expansive
wave of the expansion fan, which is developed at the trailing edge -
of the reflecting wedge.

Figure 6 represents the flow Mach number distribution along a
longitudinal line located at #/3 from the symmetry axis, for the two
mesh configurations. These curves are quasi-identical, and the slope
of the shock waves was obviously better described in the finer grid.
The first drop in the flow Mach number is a result of the incident
shock wave i. The drop is from My = 2.84to M; = 2.0. The second .
drop is a resuit of the reflected shock wave r behind which one
gets M, = 1.41. The analytical angle of incidence and flow Mach
number are ¢; = 36.15 deg and M; = 2.01, respectively. State 1,
behind the incident shock wave i with M; = 2.01 and 6, = 17.5
deg also corresponds to the case where 8,, < 8m.(M;), and hence
an RR can be obtained for these initial conditions. The discrepancy
between the incident shock wave angle ¢; as calculated numerically
and analytically is less than 1%. These comparisons allowed the use
of the first mesh to continue this study with a reduced CPU time.

MR Wave Configuration .

Finally, the model of the MR wave configuration of an oblique
shock wave was carried out with M;=3.49, 6,, =23 deg, and
h/L = 0.37. These values of My and 8,, correspond to a point
in the dual domain in which the two shock wave configurations RR
and MR theoretically exist. Recently, experimental and numerical
works!>- 16 have confirmed this theory and have shown that these two
stable configurations can be obtained through an hysteresis cycle.
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From a constant initial computational plane, given by the up-
stream flow conditions, the first obtained steady state is an RR
configuration, as shown Fig. 7b. This solution is stable. To avoid
describing the hysteresis cycle, by increasing the wedge angle un-
til the detachment criteria were reached and later decreasing this
wedge angle until the value of 6,, to obtain the MR transition, it is
possible to accelerate its transition to an MR wave configuration by
introducing, during a time step, a small pressure disturbance behind
the reflected shock-wave.!” This disturbance, in addition to the large
streamline deflection angle imposed on the symmetry line, resulted
in an MR wave configuration. The triple point moved along the in-
cident shock wave i (see Figs. 5c—5¢) until a steady-state solution
configuration of the flowfield was finally reached (sée Fig. 7f).

Figure 8 shows the steady-state solution obtained through the flow
Mach number distribution. An MR wave configuration consisting of
three shock waves is clearly visible: the incident shock wave i, for
which ¢; = 38 deg; the reflected shock wave r, for which ¢, = 25.5
deg; and the Mach stem m, which is seen to be perpendicular to the
symmetry line. Because of the relative thickness of the grid steps,
the Mach stem is seen to be straight. As will be shown in the next
section, this numerical observation enables us to obtain the Mach
stem height with an accuracy equal to the vertical spatial step, which
has the same order of magnitude as the curvature in the vicinity of the
triple point.' The slipstream separating the subsonic region 3 behind
the Mach stem m and the supersonic region 2 behind the reflected
shock wave r is also clearly visible in Fig. 8. The sonic line in region
3, which is added to the MR wave configuration in Fig. 8, clearly
defines the subsonic flow zone behind the Mach stem. The sonic
line is seen to follow the slipstream until it breaks away from it and

terminates on the symmetry line. The point where the sonic line
breaks away from the slipstream defines, in fact, the location of the
throat of the converging nozzle formed by the slipstream and the
symmetry line. Because of the weak transversal velocity gradients,
the sonic line is quite perpendicular to the symmetry line in the
vicinity of this throat. The numerical simulation, shown in Fig. 8,
contradicts Azevedo and Liu’s!! main assumption that the throat of
the aforementioned converging nozzle is located at the point where
the leading characteristic of the expansion fan formed at the trailing
edge of the reflecting wedge intersects the slipstream. The Mach
angle p1, which can be calculated from the numerical value of the
Mach number M, = 2.1, is equal to 28.5 deg and is shown in Fig. 8.
One can clearly see that the sonic throat is not located at the point
of intersection between the leading characteristic of the expansion
fan and the slipstream. This point of intersection is seen in Fig. 8 to
be ahead of the actual throat.

The numerical flow Mach number distribution along the symme-
try line is shown in Fig. 9. One can see the flow Mach number drop
from My = 3.49 to M3 = 0.4 becaue of the Mach stem. Then the flow
Mach number is seen to increase linearly behind the Mach stem to
1 at the sonic line, which is located 0.265 m from the left boundary.
The foregoing described simulation revealed that although Azevedo
and Liu!! were correct in assuming that the slipstream and the sym-
metry line form a one-dimensional converging nozzle, they were
wrong in determining the location of the throat of the converging
nozzle.

Based on these comparisons between the numerical simulations
of a detached shock wave, an RR and an MR and their analytical
solutions, it could be concluded that the code developed is capable of

Fig. 7 Density flowfield evolution from the initial conditions to the steady-state MR for My =3.49, 6,, =23 deg, and /L = 0.37.

gonic Lin

Fig.8 Mach number flowfield of the steady-state MR wave configuration shown in Fig. 7f.
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Fig. 10 Domains of different types of reflections in the (Mp, w;)-plane
for~v = 1.4 and #/L = 0.37.

- well simulating these flowfields. Consequently, in the next section,
the MR wave configuration will be more precisely studied to predict
the Mach stem height L,, and to compare it with existing analytical
and experimental data.

Prediction of the Height of the Mach Stem
Position of the Problem

Graphical solutions in the pressure deflection plane (P, 8) tradi-
tionally have been used to better understand the transition between
RR and MR! wave configurations. The shock polar presentation led
to two RR <> MR transition criteria. The transition lines correspond-
ing to these transition criteria are shown in Fig. 10 in the (My, w;)
plane for fixed values of #/L and y. The detachment w; = w? and
the von Neumann w; = o} criteria'~* divide the (Mo, ;) plane
in to three domains: 1) a domain in which only RR wave configu-
rations are theoretically possible, @; < ®/; 2) a domain in which
only MR wave conﬁguratlons are theoretlcally possible, w; > w?;
and 3) the dual domain, a) <w; < w, , in which both RR and MR
wave configurations are theoretlcally possible.

Until recently Hornung and Robinson’s? experimental results
were accepted in the scientific community as the state of art concern-
ing the RR <> MR transition in steady flows. Based on their experi-
ments, as well as those of Henderson and Lozzi® 7 and Hornung and
Kychakoff,? the conclusion was that in steady flows with My > 2.20
the transition from regular to MR occurs at the von Neumann con-
dition w; = w¥. As a consequence, it was accepted that only MR
wave configurations can exist inside the dual domain. This conclu-
sion recently has been refuted, and it was shown the existing stable
RR and MR conﬁgurationsli16 in the dual domain in the range
oV <w; <P

The next part of the study is aimed at numerically extracting the
Mach stem height, for various initial values (M, 6,,, b/ L) to show
the transition between the RR and MR wave configurations.

Numerical Results -
To compare the computations with experimental results, four
different upstream conditions were chosen from the experiments

conducted by Hornung and Robinson.® These conditions are given
in Table 1. Note that for these experimental conditions, the ﬂowﬁeld
depends only on the incident flow Mach number M.

Since all of the experiments were carried out with /L = 0.37,
the geometrical setup of the experiment was fixed through this ratio,
and the numerical solution was implemented for various reflecting
wedge angles 6,,. These reflecting wedge angles are listed in Table 2.
Based on the foregoing discussion on the transition lines between
the RR and MR wave configurations, Hornung and Robinson’s
experiments® were conducted inside the dual domain to predict the
transition angle and the Mach stem height corresponding to the MR
solution. It should also be noted that in the two-dimensional nu-

~ merical results the accuracy in the prediction of the wave reflection

phenomenon is equal to the nondimensional vertical space steps,
and for all of the numerical experiments conducted in this case, this
accuracy was under 1%. This allowed an accurate prediction of the
steady-state flowfield solution, and this numerical approach easily
could complete the available data on the MR wave configuration.
Figure 11, which is a reproduction from Ref. 11, contains
Hornung and Robinson’s® data and the analytical results of Azevedo
and Liu.!! The numerical results of the present study are added to this
figure. Notice that the present results, obtained for My = 2.84, 3.98,
and 4.96, are in full agreement with the experimental ones. How-
ever, the one-dimensional analytical model suggested by Azevedo
and Liu!! gives a similar trend but underpredicts the experimental
results. This is because of the oversimplifying assumptions that
were implied in their one-dimensional model. Note that, in gen-
eral (Fig. 1b), the deflected streamlines behind the Mach stem are
usually directed toward the symmetry line 6y # 0 and, hence, the
velocity can no longer be considered parallel to the symmetry line.
This is clearly shown in the Mach number distribution shown in
Fig. 8, where transversal velocity gradients are seen to exist in the
subsonic region 3 immediately behind the Mach stem. As a con-
sequence, this region can only be assumed to be one dimensional
in the vicinity of the throat. In addition, as mentioned earlier, the
numerical experiments reject the second assumption of their model,
that the leading characteristic of the expansion fan, originating at the
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Fig.11 Analytical and numerical predictions of the Mach stem height,
L,,, and comparison with experimental results: o, Hornung and Robin-
son data’; —, inviscid theory!l; and o, two-dimensional inviscid nu-
merical results.

trailing edge of the reflecting wedge and refracted by the reflected
shock wave, intersects the slipstream s and defines the location of
the sonic throat in the region behind the Mach stem m.

The numerical results obtained for My = 3.49 are also plotted in
Fig. 11. One can see that they underestimate the experimental values.
Furthermore, an extrapolation of the experimental data seems to give
atransition angle corresponding to the von Neumann criterion, equal
to @ = 34.5 deg, inferior to the analytical and numerical one of
oV = 35.3 deg. In this particular case, Hornung and Robinson’s
experimental results® were most likely dominated by downstream
influence which led to a lower transition angle. This phenomenon,
which was reported by Azevedo,'® discards the reliability of the
experimental results for My = 3.49. .

Finally, it is evident from Fig. 11 that the analytical, the exper-
imental, and the numerical predictions of the Mach stem height
as a function of the incident shock wave angle w; depend on the
geometrical setup determined by the ratio #/L = 0.37. As a con-
sequence of this fixed value, one can see that the Mach stem height
never exceeds the value L,,/L = 0.22. The upper limiting situa-
tion corresponds to the case where the reflected wave r grazes the
trailing edge of the reflecting wedge. For example, in Fig. 8, if the
reflecting wedge angle is increased by 1 deg, then the MR becomes
unstable and its Mach stem moves upstream until the MR vanishes
and a bow shock wave is established ahead of the leading edge of
the reflecting wedge. This transient process is illustrated in Fig. 12
with the formation of a secondary MR over the reflecting wedge
surface, as the triple point moves upstream along the incident shock
wave i. Finally, a detached bow shock wave is obtained in front of
the reflecting wedge. The flow in the converging nozzle, formed by
the surface of the reflecting wedge and the symmetry line, becomes
subsonic and the nozzle is said to be unstarted. It is important to
note that this detached bow shock wave was obtained for a wedge
angle 8,, = 26.5 deg, which was smaller than the maximum flow
deflection angle 5, (Mp), which for My = 2.84 is equal to 33 deg.
As a consequence, there are no doubts that this detached bow shock
wave arises only from the geometric length scales w, L, and A.

Thus, for a geometrical setup fixed through the ratio /L = 0.37,
the Mach stem is limited both by the lower limit arising from the
von Neumann criterion ! and by the upper limit arising from the
detached shock wave configuration obtained when the nozzle is
unstarted. For fixed values of My and 4/L it is possible to extract a
similar detachment angle w; = w, corresponding to the case where

@)

Fig. 12 Mach number flowfield evolution of the transient process be-
tween an unstable MR wave configuration and a detached shock wave in
front of the reflecting wedge for M, = 2.84, 6,, = 26.5 deg, and h/L = 0.37.

the nozzle is unstarted. Note that the narrow domain corresponding
to the range a)iN < w; < ! finally leads to a linear evolution of the
normalized Mach stem height L,,/L as a function of the incident
shock wave angle.

The limiting situation corresponding to the case where the re-
flected wave r arising from the triple point 7 grazes the trailing
edge of the reflecting wedge also corresponds to the lower distance
hmia between the symmetry line and the reflecting wedge. Whenever
the distance A is reduced below Ay, (i.e., whenever & < Aipn), the
two-dimensional nozzle is unstarted.

In this approach, the direction of investigation is more particularly
focused on the evolution of the different wave configurations as a
function of the distance 4 for a fixed reflecting wedge angle value 8,,..

These numerical investigations presented in the next section en-
able us to extract a new parameter affecting the transition between
RR and MR wave configurations in steady flows.

Dependence of the RR — MR Transition on the Distance h

As already described, the wave reflection configuration strongly
depends on the length scales %, L, and w associated with the re-
flecting wedge angle 6,,. Consequently, to study the influence of
the geometry on the reflection phenomenon, numerical simulations
were carried out for several values of 4/L, starting from an isoin-
cidence line of the (Mj, w;) plane. In the present case, numerical
experiments were conducted with the isoincidence 8,, = 26.56 deg,
shown in Fig. 10.

Note that since the geometry is two dimensional, the distance % be-
tween the symmetry line and the trailing edge of the reflecting wedge
represents an exit area per unit depth. In addition, for a given set of
values of My, 8,,, and L, either RR or MR wave configurations could
take place, provided that 2, < % < hmay. The lower value, Ay,
between the trailing edge of the reflecting wedge and the symmetry
line corresponds to the limiting situation described earlier in which
the nozzle becomes unstarted. The upper value, A4y, is the distance
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Fig. 13 Dependence of Amin, Amax, and kg on the incident flow Mach
number My for 6,, = 26.56 deg.

between the trailing edge of the reflecting wedge and the point where
the leading characteristic of the expansion fan emanating from the
trailing edge of the reflecting wedge intersects the incident shock
wave i. For a value & > hp,,, whenever an MR is obtained, the ac-
tual incident shock wave is weaker than the one emanating from the
leading edge of the reflecting wedge because of the interaction of the
expansion fan with the incident shock wave. To more precisely ex-
tract the exact distance A, where the transition between the RR and
MK wave configurations took place, several numerical simulations
were conducted:for the flow Mach number range 2.84 < My < 7
with a fixed wedge angle 6,, = 26.56 deg. The characteristic val-
ues Amin, Amax> and hy deduced graphically for each simulation are
plotted in Fig. 13. The following comments are self-explanatory.

DIfh < Ay, the converging nozzle is said to be unstarted and a
detached bow shock wave is formed ahead of the reflecting wedge.

2) If Ayin < h < hy, an MR wave configuration is established in-
side the converging nozzle.

3)If hy < h < hmax, an RR wave configuration is established in-
side the converging nozzle.

The point where the transition A, line intersects the hp,y line
results in the limiting situation where the leading expansion fan
intersects the incident shock wave i. In this case, whenever an MR
configuration is obtained for & > A4, the incident shock wave in
the vicinity of the symmetry line is no longer identical to the one
formed at the leading edge of the reflecting wedge.

Note that for all of the numerical experiments conducted in the
range Amin < b < hy, the obtained RR wave configurations were not
kept and pressure disturbances were introduced behind their re-
flected shock waves to give rise to MR wave configurations if they
exist.!’

Cenclusion
The interaction of an inviscid two-dimensional supersonic flow
with a reflecting wedge, situated above a symmetry line, was nu-
merically studied. The governing Euler equations were solved by
an explicit finite difference scheme, LCPFCT, which belongs to the
more general FCT methods. The computational domain was meshed

with a Cartesian grid by fitting the reflecting wedge angle 6,, with the .

spatial steps in each direction. This method was particularly conve-
nient in the present case and allowed very low CPU times because
" it avoided the need to express the Euler equations in generalized
coordinates.

The flowfield model was validated through comparisons with an-
alytical values to point out the different flow configurations resulting
from the interaction of a supersonic flow with a reflecting wedge.
These wave configurations were either an RR, an MR, or a detached
bow shock wave in front of the leading edge of the reflecting wedge.

The numerical code was found to successfully predict the Mach
stem height of an MR configuration out of the infinite possible ones
deduced from the three shock theory. The two-dimensional numeri-
cal results were found to agree with the experimental results and en-
abled us to obtain greater accuracy in the prediction of the Mach stem
height than the only available analytical one-dimensional model.

It has been shown that the flowfield established inside the converg-
ing nozzle depends not only on the gasdynamic conditions My and
6., but also on geometrical parameters, e.g., the distance between
the trailing edge of the reflecting wedge and the symmetry line 4.

For a given set of gasdynamic initial conditions, i.e., incident
flow Mach number M, and reflecting wedge angle 8, there are
three critical values of the distance from the trailing edge of the
reflecting wedge to the symmetry line, namely, %, Ay, a0d Ay,

" This finding is very important if one is to design converging nozzles

such as in engine intakes.

For & < hy, the converging nozzle is unstarted and a bow shock
wave is formed ahead of the leading edge of the reflecting wedge,
even if the reflecting wedge angle 6,, is smaller than the detachment
angle corresponding to My, i.e., 6, < 8pax(M); for by < b < by
an MR is formed inside the converging nozzle; for h, < kb < Apa
anRR is formed inside the converging nozzle. For A > Ap,y the gas-
dynamic initial conditions change as the expansion fan emanating
from the trailing edge of the reflecting wedge interacts with the inci-
dent shock wave emanating from the leading edge of the reflecting
wedge, and changes its nature. .

As a final remark note that the present numerical work enables
one to complete the available experimental data on the steady shock
wave reflection phenomenon. In future work, real gas effects will .
also be taken into account to extend the study to the hypersonic
Mach number range.
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