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Time-dependent behavior of shock/boundary-layer interaction has been investigated numerically for flows over a
backward-facing step. Using a multiblock-grid strategy, the global domain of computation has been decomposed into
two subdomains representing upstream and downstream regions from the step location. First, Navier—Stokes
analysis has been performed to investigate the unsteady shock/boundary-layer interaction. Subsequently, magneto-
fluid-dynamics computations have been performed to explore the effects of applied magnetic field over the unsteady
nature of the problem and its use for local flow control. A time-explicit modified Runge-Kutta scheme with total-
variation-diminishing limiters under a multiblock-grid approach has been implemented. The governing equations
are composed of the Navier-Stokes equation modified to include the effect of magnetic field under low-magnetic-
Reynolds-number approximation. The effects of an applied magnetic field and a time-dependent magnetic field on
the flowfield have been investigated. It has been shown that the application of magnetic field increases the unsteady

nature of the problem.
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Jacobian matrices

{B,, B,, B}, magnetic field vector, T

{E., E} E_}, electric field vector, V/m

{E}sy, flux vector component in the x direction
{E,}sx1, diffusion flux vector in the x direction
total energy, J

{F}sy,, flux vector component in the y direction
{F,}sx1, diffusion flux vector in the y direction
identity tensor

Jacobian of transformation

current density vector, A/m?

Mach number

pressure, Pa

{Q}sy,, field vector

freestream Reynolds number

magnetic Reynolds number

time, s

{u, v, w}, velocity vector, m/s

Cartesian coordinates

ratio of specific heats

generalized coordinate

free-space magnetic permeability, H/m
generalized coordinate

density, Kg/m?

electrical conductivity, S/m

nabla vector
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Subscripts

e = electromagnetic quantity
diffusion quantity

freestream condition

0 =
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I. Introduction

ITHIN the last few decades, several experimental and

theoretical investigations have been undertaken to determine
the flow characteristics and associated heat transfer rates for
supersonic flows over a backward-facing step. It has been widely
accepted that fluid dynamics problems associated with supersonic
separated flows are highly time-dependent and may involve complex
shock/boundary-layer interaction.

Numerous studies have highlighted this important aspect.
Hartfield et al. [1] developed a planer measurement technique with
laser-induced iodine fluorescence for the measurement of supersonic
flow over a backward-facing step. Their results provided an insight to
flow characteristics and properties for a supersonic combustor that
agreed with analytical and numerical simulations. The data were
obtained for approximately 1 min exposure on the collection array
camera and time-averaged accordingly. A time-averaged measure-
ment technique over collected images was employed with the
assumption of long exposure time versus characteristic flow times.
They discussed factors that contributed to uncertainties affecting the
measured data and identified time-averaged measurement technique
as one of them.

Using time-accurate scheme and employing adaptive unstructured
grids Loth et al. [2] performed large eddy simulation of supersonic
flows over axisymmetric backward-facing step for a range of Mach
numbers. They reported that formation of large eddies and the
unsteady nature of the problem cause intense mixing-layer
fluctuations; thus, time-averaging of the fully developed compu-
tations is necessary to compare the results with time-averaged
experimental data. The developed algorithm was based on a shock-
capturing scheme that adds nonlinear contribution through flux-
corrected transport scheme. Euler equations for compressible flow
are discretized using a finite element technique.

In an attempt to validate several computational fluid dynamics
codes for modeling hypersonic flows, Ebrahimi [3-5] performed a
series of tasks. Several cases of engineering applications including
supersonic flows over rearward-facing steps were considered to
determine the validity of different computer codes for predicting the
expansion-fan region, compression effects of shock, and relatively
uniform pressure between the shock and shear layer. Results were
compared with the experimental data. Two supersonic Mach
numbers of 2.5 and 3.5 were considered for all the investigations with
different turbulence models. The results indicated some over-
prediction in surface pressure at the separation region; however,
analyses were in good agreement in the flow-reattachment region.
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In an attempt to introduce different error indicators for adaptive
remeshing algorithms for hybrid grids, Yang [6-8] performed a
series of numerical investigations. A remeshing strategy of
unstructured grid for modeling supersonic backward-facing-step
flows was introduced [6]. An extended locally implicit scheme with
dissipation model was developed to solve unsteady Euler equations.
Different grids strategies were used to achieve a match with the
experimental pressure distributions beyond the rearward-facing step.
Subsequent to performing initial simulation on a nonadaptive mesh,
an adaptive mesh strategy based on the error indicator was used for
further simulations. For an adaptive grid, the number of triangles and
quadrilaterals were controlled by a modified error indicator that
contained unified magnitudes of density gradient and gradient of
vorticity. Several hybrid meshes were investigated to capture the
physics of the problem and to obtain a better resolution of the
flowfield. It was reported that a dense mesh at the corner and at
the regions where strong convective fluxes occurred is necessary to
capture the circulation zone and to enhance the accuracy of the
results. An adaptive mixed triangular-quadrilateral grid with
increased number of cells at the zones of intense flow variations
(corner vortex, expansion fan, and oblique shock wave) was
recommended to perform the analysis within a reasonable amount of
time.

Subsequently, viscous terms were added to the Euler model and
turbulence effects were introduced in the adaptive remeshing
algorithm [7]. The modified error indicator incorporates unified
magnitude of substantial derivatives of pressure and vorticity for
controlling the grid spacing. Unsteady mass-averaged Navier—
Stokes equations with a low-Reynolds-number k-¢ turbulence model
were used with a locally implicit scheme. Similar conclusions to that
of the previous work of [6] have been reported.

In [8], two error indicators for achieving adaptive grids in the
regions of severe flow variations were developed. Supersonic
turbulent flow over a rearward-facing step with time-dependent
mass-averaged Navier—Stokes equations was considered. Initially,
analyses were performed on an unstructured mesh composed of
relatively coarse quadrilateral and triangular elements. Regardless
of the poor resolution of the flowfield, a reasonable solution was
obtained. Finally, adaptive refined unstructured meshes were
generated for subsequent numerical experiments, resulting in high-
resolution solution. Despite differences observed in the downstream
pressure near the upper-wall region of flow, their calculated pressure
distributions for refined mesh agreed well with the experimental data.

Recently, Hermann et al. [9] presented a flow simulation meth-
odology (FSM) for investigating the time-dependent behavior of
complex compressible turbulent flows for subsonic and supersonic
flow regimes. Subsonic flow over backward-facing step and two-
dimensional bluff bodies were considered, and axisymmetric wake
flow (axisymmetric backward-facing-step flow) was modeled under
the supersonic flow regime. A contribution function was developed
to allow a consistent transition between Reynolds-averaged Navier—
Stokes and direct numerical simulations within the same compu-
tation, depending on the local flow behavior and physical resolution.
Time-dependent simulations were carried out and time-averaged
results were presented with turbulence effects. Good agreement of
FSM with direct numerical simulation was achieved for supersonic
axisymmetric backward-facing-step flow.

The effects of applied magnetic fields over supersonic-backward-
facing-step flows were recently investigated by Khan and Hoffmann
[10]. Different orientations of magnetic field distributions were
discussed. A multiblock solver based on modified Runge—Kutta
scheme with total-variation-diminishing (TVD) limiters was
developed and successfully implemented under a low-magnetic-
Reynolds-number assumption. The Navier—Stokes computation was
in good agreement with the analytical and experimental data
available in the literature. For magneto-fluid-dynamics (MFD)
analysis, three types of magnetic field distributions were
implemented. Increase in the size of circulation region, movement
of shock toward the exit section, increase in shock wave angle, and
decrease in flow velocity were observed after the application of
magnetic field. For the uniform magnetic field distribution, an

increase in pressure levels occurred over the entire domain, whereas
for dipole magnetic field distributions, only increases in pressures at
the circulation region or in the neighborhood of the dipole location
were achieved. Higher strengths of uniform magnetic fields and
higher strengths of dipole magnetic fields in the vicinity of the step
caused an increase in the shock thickness. It was found that
enlargement in the size of separation bubble is highly dependent on
the type and strength of magnetic field intensity.

The impact of applied electromagnetic fields over high-speed
flowfields that involve shock/boundary-layer interaction has been
investigated by several authors: MacCormack [11-13], Shang et al.
[14,15], Gaitonde and Poggie [16], Poggie and Gaitonde [17,18],
Damevin and Hoffman [19], and Khan et al. [20,21]. It has been
reported that the application of magnetic field results in delaying the
boundary-layer separation, decrease in surface heat transfer, increase
in the thrust, and flow-compression phenomenon.

A review of the available literature related to the backward-facing-
step flows reveals that the investigation to incorporate local flow
control by applied magnetic field is lacking. The flowfield associated
with the high-speed supersonic flow over a backward-facing step is
one of the most complex problems that occur in several applications.
Incorporation of local flow control becomes critical in many
applications with similar geometries. Thus, the objective of the
current efforts is to explore local flow control by application of
magnetic field. Most of the problems involving shock/boundary-
layer interaction are naturally unsteady; therefore, in this investi-
gation the effects of applied magnetic field have been investigated
with an emphasis on exploring the unsteady nature of the problem.
MEFD analysis has been preformed with uniform and time-dependent
magnetic field distributions with a low-magnetic-Reynolds-number
assumption. The governing equations and the numerical schemes are
reviewed in the following sections.

II. Governing Equations

The viscous MFD equations under low-magnetic-Reynolds-
number assumption are as follows.
Continuity equation:

@+V.(pU)=o 1)
ot
Momentum equation:
@—i—V{pU@U-{-pi]:JXB—l—V.% ®)

where Ohm’s law indicates that
J =0,[E + U x B] 3)

Energy equation:
a =
E(pet) +V-l(pe, + pUI=E-J+V-(z-U)+V-q 4

where

1
pe, == p(u? + 1> + w?) + P )
2 y—1
The equations are presented in nondimensional form; details are
provided in [19]. The governing equations are rearranged in a
compact flux vector formulation as follows:

9Q OE OF OE, 0F,

9t ox dy T ox dy

+ Syirp (6)

where Q is the unknown vector,
Q=[p pu pv pw pel (72)

E, F, and E,, F,, are the inviscid and viscous flux vectors,
respectively; the details of each flux vector can be found in [10]. The
additional source term is represented by Syrp:
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0
(I xB),
(J x B), (7b)
(I xB),

IxB)-U+J-J

S v = Ry,

Subscripts x, y, and z indicate the vector components in the respective
directions. The governing Eq. (6) is transformed from the physical
space to a computational space and expressed as

BQ OE OF _0dE,  0F,

R T + o ®)
where
5=
Q= 7 (9a)
_ 1
S mrp = jSMFD (9b)

E,F,and E,, F,, represent the transformed convective and diffusive
flux terms, respectively. Each flux vector has five components, and
Swmep represents the transformed electromagnetic source term. The
MFD equation (8) can be rewritten as follows by definition of the
Jacobian matrices:

aQ , :9Q 9Q BEU dF,

o +A 3 +B P + +SMFD (10)

where details of transformation metrics A and B are provided in [20].

1. Computational Methodology

The modified Runge—Kutta scheme augmented with TVD limiters
is used to obtain numerical solutions under multiblock strategy.
The global domain has been decomposed into two subdomains
representing upstream and downstream regions with respect to the
step location. Data are transferred through connecting interface of the
domains. The numerical scheme for the low-magnetic-Reynolds-
number approach is expressed as

O _ An
Qi_j —QLj (11a)
form=1to4
dE OF JE, OF, - (m=1)
Q! =0Qi,- ( + o ——”——”—SMHD) (11b)
W 171 ag ag 811 ij

Qi = Q%) + TVD" (11c¢)
where superscript n represents time level and «,, = 4 to 1. The TVD
model is based on the eigenstructure of the convective flux Jacobian
matrices. For the low-magnetic-Reynolds-number approximation,
the eigenstructure and numerical method are the same as those used
for Euler equations. In the current investigation, the Davis—Yee
symmetric TVD scheme is implemented; further details can be found
in [20].

IV. Results and Discussions

Numerical simulations of supersonic flow over a backward-facing
step are provided in this section. Geometry and freestream operating
conditions have been set according to the experimental work of
Hartfield et al. [1]. Laminar flow conditions of calorically perfect gas
are assumed. Details of geometry and operating conditions are
provided in Table 1.

The computational grid is shown in Fig. 1; the domain upstream of
the step is extended up to a sufficient length to include any upstream
effects. Similarly, downstream of the step is extended to model the
expected variations that may occur by the application of magnetic

Table 1 Geometry and freestream conditions

Geometry details Operating conditions

Mach number: M, = 2.0
Pressure: p,, = 34.8 kPa
Temperature: T, =294.0 K
Reynolds number: Re,, = 1.033 x 10°

Step height: 3.18 mm
Upstream length: 20.12 mm
Downstream length: 40.12 mm
Downstream height: 18.56 mm

field. Grid clustering is enforced at the base and near the wall regions
to accurately capture the large gradients. It should be noted that
present computations have been performed for a flow exposed to an
unconfined environment; in contrast, the experiment in [1] was
performed for confined environment.

A. Boundary Conditions

In computational fluid dynamics applications, boundary
conditions become extremely important to guarantee a stable and
converged solution. It is a requirement that must be satisfied by
dependent variables and their derivatives at the domain’s boundary.
In the current investigation, the specified supersonic freestream
conditions are imposed at the inlet. No-slip velocity, zero pressure
gradient, and adiabatic-wall boundary conditions have been applied
at the solid wall. All primitive variables have been extrapolated from
the flowfield over the exit and upper-boundary sections.

It is important to mention that a concrete validation of the
developed code was performed in [10] with the experimental data for
the Navier—Stokes analysis. However, due to the requirement of large
number of grid points associated with shock/boundary-layer
interaction, a grid independence test has been performed to obtain an
efficient and economical grid.

B. Grid Independence Test

A grid independence test is necessary to identify a mesh that can
provide economical and reliable data for further numerical
investigation. Pressure at the horizontal surface downstream of the
base has been chosen for the grid independence investigation, since
the region near the base downstream of the step is exposed to the most
critical flow conditions. Figure 2 represents the pressure distribution
obtained from the Navier—Stokes solution along the horizontal
surface downstream of the step for different grid spacing. Pressure
remains approximately uniform in the recirculation region and
subsequently increases to a higher value, consistent with the inviscid
oblique shock solution. It is worthwhile to note that the difference in
pressure values is large at the beginning of the recompression region
for different grid spacing. Thus, more grid points have been
introduced at this region to attain better accuracy. Finally, a
convergence in pressure values is achieved with the increase in grid
points. Since pressure distribution obtained with the grid size of
160 x 96 coincides with the grid size of 150 x 90, a grid spacing of
150 x 90 has been chosen for all subsequent analyses. The
corresponding grid spacing for the upstream domain is set to 75 x 46.

C. Navier-Stokes Analysis

As a first step, the Navier—Stokes equations are solved within the
specified domain with local time-stepping, and the converged
solution is presented in Fig. 3. The complex nature of the flowfield is
evident in the vicinity of the backward-facing step. Formation of the
expansion fan at the corner is obvious with the leading expansion

Fig. 1 Multiblock clustered grid for the computational analysis.
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Fig. 2 Comparison of pressure distributions obtained with different
grid spacing.
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Fig. 3 Pressure contours obtained from the Navier-Stokes com-
putation.

wave at approximately 30°, which is in agreement with the analytical
value of 30° obtained for an inviscid supersonic flow. A circulation
region at the base corner that contains fairly uniform pressure
distribution is also evident in the figure; a free shear layer separates
the circulation region from the flow downstream of the base surface.
Furthermore, the appearance of an oblique shock wave through
coalescence of compression waves in the further downstream region
is apparent. Flow deflection through the expansion fan and sub-
sequent attainment of a freestream direction through the oblique
shock wave is also visible in the figure.

KHAN AND HOFFMANN

D. Unsteady Analysis

The time-dependent behavior of shock/boundary-layer interaction
is presented in this section. The converged result is used as the initial
condition to proceed further toward unsteady solution, with a
constant time step over the entire domain. The pressure contours
along with the velocity streamlines for the Navier—Stokes analysis
at different time levels are shown in Fig. 4. Flow separation and
reattachment can be easily observed in the figure. A combination of
two vortices is evident for all time intervals; the lower vortex is
referred to as the primary vortex and the upper vortex is referred to as
the secondary vortex.

A detailed examination of unsteady simulations indicates some
extension and contraction in the size of circulation bubble. For
example, Figs. 4b and 4c depict small displacements of shock
wave toward the exit section for time intervals of 1.0 and
5.0 ms, respectively, which are occurring primarily due to increase
in the size of circulation bubble. Further time increment (1 = 8.0 ms)
has resulted in the contraction of circulation bubble; thus, move-
ment of shock wave toward the corner takes place, as shown in
Fig. 4d.

Shock displacement becomes more visible in Fig. 5, which
illustrates nondimensional pressure distribution along the horizontal
surface downstream of the step for different time periods. Differences
in the base pressure are also evident with respect to different time
intervals; nevertheless, the same levels of pressures are obtained
beyond the shock wave. It is important to note that variations in base
pressure depend on the size of circulation bubble. That is, the size of
circulation zone is larger at 5.0 ms than at 0.0 ms. Change in the
circulation region affects the turning of streamlines and the
expansion fan, thus affecting the base pressure. Thus, a relatively
larger circulation bubble obtained at 5.0 ms implies that less flow
expansion has occurred at the base region compared to that at 0.0 ms.
Finally, for the 8.0 ms case, contraction of the zone has caused more
flow expansion compared to the 5.0 ms case, thus producing a drop in
base pressure that ultimately results in movement of the shock toward
the initial position.

E. Magneto-Fluid-Dynamic Analysis

In this section, the unsteady behavior of the supersonic flow
over the backward-facing step has been explored under applied
magnetic fields. Electrical conductivity of gas in the upstream
domain is set to zero, and a low value of electrical conductivity is
assumed in the downstream domain, resulting in a magnetic
Reynolds number equal to 0.01 based on the step height. This low
value of magnetic Reynolds number ensures a negligibly induced
magnetic field compared to the applied magnetic field; hence,
low-magnetic-Reynolds-number formulation is selected because of

0.0 millisecond|

0.03 0.04

a)

1.0 millisecond

8.0 millisecond|

0.04 0.05

d)

Fig. 4 Comparison of the Navier-Stokes pressure contours at different intervals of time.
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Fig. 5 Pressure distribution along horizontal surface for different
intervals of time obtained from the Navier—Stokes analysis.

its simplicity and efficiency. Both time-independent and time-
dependent uniform magnetic field distributions along the y direction
are imposed. The applied electric field is set equal to zero in the
present investigation.

The first set of magneto-fluid-dynamics (MFD) computation
consists of the application of magnetic field perpendicular to the
freestream flow, as shown in Fig. 6. The magnetic field is attenuated
far downstream before the exit to prevent flow separation at the exit
location. The applied magnetic field has a uniform value from x = 20
to 30 mm and decreases linearly to zero from x = 30 to 50 mm.

Figure 7 shows pressure contours obtained with uniform magnetic
field strengths of 0.4 T imposed along the y direction; local time-
stepping is used to achieve the converged solution. A combination of
primary and secondary vortices has occurred, similar to the previous
Navier—Stokes computations. Comparison with the converged
Navier—Stokes solution indicates a change in the flow structure after
the application of the magnetic field, due to the presence of the
Lorentz force. It has been found that the expansion fan and oblique
shock wave become steeper and thicker with respect to the Navier—
Stokes prediction following the application of a magnetic field. In

|

A

A A 1
i
T T T T T
0.02 0.03 0.04 0.05 0.06

Axial distance (m)

Fig. 6 Uniform applied magnetic field distribution along the y
direction.

0.02

Acxial distance (m)
Fig. 7 Pressure contours obtained from MFD analysis.

addition, the Lorentz force has produced resistive effects on the flow
velocity field that ultimately result in an increase in pressure level
downstream of the step over the entire domain.

1. Unsteady MFD Analysis

Subsequently, computations have been initiated to investigate the
unsteady behavior of this complex flow problem with applied
magnetic field. The converged MFD flow result obtained with By =
0.4 T has been used to initiate the time-accurate solution. Solutions
have been obtained at various time intervals. Figure 8 shows pressure
contours along with streamlines for MFD analysis at different time
intervals; + = 0.0 ms represents the converged solution. Results are
presented for relatively longer periods of time, because substantial
variations occur for time-accurate MFD calculations compared with
the Navier—Stokes calculations. Interestingly, an increase in the
unsteady nature of the problem is observed with the application of the
magnetic field; that will enhance mixing and may provide benefits in
some applications. From Fig. 8b at = 1.0 ms, it is obvious that the
size of the circulation bubble has increased and the primary vortex
translates from the corner to the root of the shock wave, resulting
in substantial shock displacement toward the exit section. Further
time increment at r = 5.0 ms (Fig. 8c) has resulted in additional
movement of the primary vortex, thereby causing further
enlargement in the circulation bubble, and more displacement of
shock to the exit region has eventually occurred. No major
development in the flow structure is observed for = 8.0 ms
computation, as shown in Fig. 8d. That is, at 8.0 ms, the size of the
circulation zone and shock location remain similar to that at 5.0 ms.
However, at 9.0 ms, contraction in the circulation zone begins to
occur, as depicted in Fig. 8e. It can be observed that primary vortex
translates back to the corner, causing reduction in the size of the
circulation bubble, thus resulting in shock movement toward the
corner. Likewise, additional time development has resulted in further
contraction of the bubble, as shown in Fig. 8f for the 16 ms case,
resulting in an approximately similar shock/expansion-fan structure
and circulation-zone size compared to Fig. 8a.

Figure 9 depicts the time development of horizontal surface
pressure at the downstream of the step for MFD calculations. It has
been observed that the largest circulation zone occurs for the 5.0 ms
case, which results in the lowest drop in pressure after crossing the
expansion fan and maximum movement of the shock toward the exit
section. Subsequently, shock remains at the same vicinity up to
8.0 ms and thereafter moves toward the step with a drop in base
pressure, attaining the same value as that of 0.0 ms. It is interesting to
observe that for all time intervals, pressure variations are occurring
after the expansion fan; however, recovery in pressures to a similar
value is achieved downstream beyond the shock wave. Noteworthy is
the fact that unsteady behavior is primarily due to enlargement and
contraction of the circulation bubble. A large bubble causes less flow
expansion, and thus higher pressure in the base region and shock
wave movement toward the exit section takes place. Similar behavior
was observed in the Navier—Stokes analysis, except bubble
oscillations with respect to time were small compared to MFD
analysis.

2. Time-Dependent Magnetic Field Distribution

The second set of MFD analysis employs time-varying magnetic
field distribution. Spatial magnetic field variations are set according
to the distribution illustrated in Fig. 6; however, magnetic field
strength varies with respect to time according to the function shown
in Fig. 10 for a period of 0.0 to 0.1 ms.

Figure 11 shows pressure contours along with streamlines for
time-dependent magnetic field variations. At 0.0 ms, the applied
magnetic field is zero and no change in flowfield is observed
compared to the converged Navier—Stokes solution, as shown in
Fig. 11a; however, with the increment of time, the effects of magnetic
field accumulation become evident. For example, at 0.04 ms, the
variation in the flowfield is higher than the variation occurred at
0.02 ms.
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Fig. 8 Comparison of pressure contours obtained from MFD analysis at different intervals of time.
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Fig. 9 Pressure distribution along horizontal surface for different time
intervals obtained from MFD analysis.

The changes that occurred after the application of magnetic field
include distortions in the Prandtl-Mayer expansion fan and shock
wave structure and increase in the size of separation bubble,
depending upon the magnetic field intensity. Figure 11b indicates the
initial stage of these variations, and subsequent buildup is obvious
from Figs. 11c—11f. A close examination of Figs. 1lc and 11d
indicates an increase in the angle of the leading Mach wave and
weakening of the oblique shock wave. Further time increment results
in coalescence of compression waves into a normal shock at the
upper boundary and total dissipation of oblique shock wave, as
depicted from Figs. 11e and 11f for 0.08 and 0.1 ms, respectively.
Likewise, the recirculation region has been substantially disturbed
with the increase of time interval for the present transient magnetic
field distribution, which is obvious through all images of Fig. 11. At
0.02 ms, a relatively smaller recirculation zone exists; however, at
0.1 ms it attains its largest size.

It is interesting to note that the applied magnetic field at 0.1 ms
time interval is zero; however, variations in flow structure still exist,
which is primarily due to the buildup of applied magnetic effects in a
short period of time. These effects were dissipated and recovery of
the original shock/expansion-fan structure was achieved after some
period of time when the strength of magnetic field became zero at
0.1 ms. To illustrate this point, time-accurate computation has been
performed by using the flow data available at 0.1 ms as the initial
condition. Figure 12 shows the pressure distribution obtained after a
2.5 ms period of time without magnetic field effects. It is worthwhile
to note that full recovery of the flow structure has been achieved and
the accumulated magnetic field effects have been dissipated. The
recovered flowfield has an expansion fan at the corner, circulation
zone, and reattached shock wave, similar to the Navier—Stokes
solution.

0.3

0.25

0.2

By (T)
=

/ \

0.1

0.05

0 T T T T T T T T T T
0 0.01 0.02 0.03 004 0.05 0.06 0.07 0.08 0.09 0.1
Time (millisecond)

Fig. 10 Time-dependent magnetic field distribution.
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Fig. 11 Pressure contours obtained at different time intervals for time-dependent magnetic field application.

: ‘ T
0.02 0.03 0.04 0.05 0.06
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Fig. 12 Pressure contours obtained after 2.5 ms time interval without
magnetic field application.

V. Conclusions

Unsteady behavior of high-speed supersonic flows over a
rearward-facing step with and without applied magnetic field has
been explored. The low-magnetic-Reynolds-number approach has
been used to simulate the effects of applied magnetic fields. Using
multiblock technique, a four-stage modified Runge—Kutta scheme
with TVD limiters is used to numerically solve the governing MFD
equations. Both uniform and transient magnetic field distributions
have been implemented. Small oscillations in oblique shock wave
location are observed due to small expansion and contraction in the
size of circulation bubble for the unsteady Navier—Stokes analysis.
Application of a uniform magnetic field has caused a change in the
flow structure in the entire domain, displacement of oblique shock
wave, increase in oblique shock wave angle, and decrease in flow
velocity in the plasma domain. Noteworthy is the fact that changes
in circulation bubble were small for the unsteady Navier—Stokes
analysis; however, unsteady MFD computations have shown
substantial increase in the amplitude of shock oscillations, due to
large expansion and contraction of separation bubble observed after
the application of magnetic field. Moreover, the application of time-
dependent magnetic field distribution for a short period of time has

caused substantial disturbances in the flowfield downstream of the
step. Dissipation of expansion fan and oblique shock wave has taken
place due to accumulation of magnetic field effects; however, full
recovery of flow structure is achieved when computation has been
performed for a long period of time without magnetic field
application. Based on the results for time-accurate MFD calcu-
lations, it can be deduced that application of magnetic field has
increased the unsteadiness of present flow regime. Moreover, the
increase in unsteady nature of the problem may provide some
potential to enhance the mixing phenomenon for a typical shock/
boundary-layer interaction problem.
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