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Magnetohydrodynamic (MHD) control of hypersonic laminar separation flows is investigated in this paper. A series of numerical
simulations over various geometry configurations, namely, a compression corner and a double wedge ramp hypersonic inlet, have
been conducted by application of an external electromagnetic field. Results show that the performance of MHD separation flow
control is mainly determined by flow acceleration of the Lorentz force directed in the streamwise direction. The Joule heating
term always brings negative effects on the MHD separation flow control and increased the static pressure locally, where the
electromagnetic field is applied. With an external electromagnetic field applied, the low velocity fluid in the boundary layer can
be accelerated. Moreover, there exists a best location for the MHD zone to be applied and completely eliminate the separation of
the flow from the surface.

1. Introduction

Some of the most serious and challenging problems encoun-
tered by the designers of hypersonic vehicles arise because of
the severity of the heating loads and the steepness of the flow
gradients that are generated in shock wave boundary layer
interaction (SWBLI) regions. Hypersonic vehicles tend to
fly at high altitudes so that the characteristic Reynolds num-
bers tend to be low, and many practical hypersonic flows are
laminar. Moreover, it may well be the laminar viscous invis-
cid interaction and flow separations that are associated with
these flows at greater altitudes that pose the greatest funda-
mental limitations on the performance of maneuvering and
air-breathing hypersonic vehicles [1]. The effectiveness of
intakes and flap-control systems, as well as the performance
of vehicles using jet interaction, may be compromised seri-
ously by the occurrence of shock-induced laminar
separation.

Because it is often difficult to avoid detrimental SWBLI
occurring within a flow, the idea soon arose during the early
history of the development of compressible fluid mechanics
of controlling the phenomenon by an appropriate manipula-
tion of the flow. The target of the control techniques was
mainly to prevent shock-induced separation when it

occurred in naturally unsteady configurations. The cause of
the boundary layer separation is the adverse pressure gradi-
ent and a loss of the momentum by the friction. Therefore,
if the momentum of the fluid near the wall is recovered, the
boundary layer separation can be eliminated. Boundary layer
separation control can be achieved using many different
approaches, either before or during the interaction process,
all of which modify the flow near the surface [2]. In fact,
recent developments in artificial ionization techniques and
improvements in superconducting materials have resulted
in consideration of the electromagnetic field as a tool for
modifying SWBLI in the hypersonic flow regime [3, 4]. This
flow control system has so many advantages [5, 6] in that it is
reusable, easy to be switched on-off, highly reliable, and does
no harm to the aerodynamic configuration of the object air-
craft. All of these advantages have warranted popular interest
in this subject area in recent years.

In the recent decades, there have been several investiga-
tions concerning the MHD control techniques for separation
prevention in SWBLIs. The possibility of controlling the
boundary layer separation at the hypersonic plasma flow field
has been demonstrated both numerically and experimentally.
As in the investigations by Fujino and Shimosawa [7], the
investigations of flows over blunt bodies have demonstrated
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the beneficial effect of the applied magnetic field. In addition,
many fundamental features of MHD flows over the compres-
sion corner have been revealed in works of Dietiker and Hoff-
mann [8]. In their CFD computations, a substantial
reduction in the skin friction could be achieved by an appro-
priate combination of electromagnetic fields. Furthermore,
the effects of a body force, called Lorentz force, which can
be used to control SWBLI flow have been investigated in
Ref. [9, 10]. Cheng et al. [11] researched the effect of an
applied magnetic field by assuming absence of Joule heating
and a constant electrical conductivity of 100 mho/m over a
flat plate at Mach 4.5; the imposed magnetic fields signifi-
cantly decelerated the boundary layer. Khan et al. [12] inves-
tigated the validity of a low magnetic Reynolds number
approach for modeling some magneto-fluid dynamics prob-
lems. The results obtained from low magnetic number
approximation compare well with the results obtained by
solving the full MFD equations for low ranges of the mag-
netic Reynolds number (Rm ≪ 1:0). In Ref. [13], the effects
of magnetic interaction parameter and load parameter on
hypersonic corner shock wave boundary layer interaction
flow have been investigated extensively. As to the aspect of
experimental works, the theoretical experiment of MHD sep-
aration flow control system is conducted in the plasma wind
tunnel by Webb et al. [14, 15]. The feasibility of MHD sepa-
ration control around a two-dimensional bump in a hyper-
sonic air flow has been experimentally validated by Zhang
et al. [16]. Experimental results show the ability of control-
ling the SWBLI configuration at a hypersonic plasma flow
field by application of an electromagnetic field. For the aspect
of theoretical works, Khan et al. [17, 18] evaluate the exact
solution of the unsteady flow of a generalized Brinkman type
fluid under the effect of MHD in a channel. Moreover, they
established a system of fractional order partial differential
equations by choosing the Caputo-Fabrizio fractional deriva-
tive as a foundation to analysis MHD and nonlinear radiative
heat flux.

However, till now, little information is available on the
influences of electromagnetic flow control parameters to
the MHD separation control effect. Moreover, the internal
mechanisms lying in the MHD separation control system
is not yet clear, and further researches are needed. This
study is aimed at developing a comprehensive simulation
tool for MHD hypersonic flow interaction. To discuss
the effect of the electromagnetic field for hypersonic
SWBLIs in laminar flows, this paper focuses on two con-
figurations. Weakly ionized air flow control at hypersonic
regimes have been simulated to estimate the potential
effect of an MHD control system on separation flow con-
figuration by application of an external electromagnetic
field. The study provides a foundation for future develop-
ments of a comprehensive tool for hypersonic MHD sepa-
ration flow control techniques.

2. Governing Equations

The coupling simulation of the electromagnetic field and the
hypersonic plasma flow field can be accomplished by utiliz-
ing the compressible two-dimensional Navier-Stokes (N-S)

equation with an electromagnetic source term [19] based
on the low magnetic Reynolds number model, as seen in
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where U is the state vector of conservative variables. F,G
and Fv,Gv are convective flux and viscous flux vectors in the
x, y coordinate directions, respectively. SMHD represents the
electromagnetic source term vector, as expressed in Equation
(7).
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The perfect gas thermal and viscous properties can be
defined by the Sutherland formula:

μL Tð Þ = 1:4584 × 10−6 Tð Þ3/2
T + 110:33

N ⋅ s/m2� �
,

kL Tð Þ = 2:4986 × 10−3
Tð Þ3/2

T + 194:4
J/ m ⋅ s ⋅ Kð Þð Þ,

ð9Þ

where μL is the coefficient of viscosity and kL is the coef-
ficient of thermal conductivity.

In computational space coordinate systems, Equation (1)
can be expressed as
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Here �J is the Jacobian of transformation. The detail
expressions of these terms can be found in Ref. [20]. Three
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additional variables are included in the above equations com-
pared to the standard conservation equations without apply-
ing electromagnetic field, namely, magnetic induction
strength B, electric strength E, and electric current density J
. The conservation of momentum equation and the total
energy equation are modified with the inclusion of a Lorentz
force (J × B) and Joule heating (J ⋅ E), respectively, which
appear on the right side of the above equations. The current
density can be evaluated from Ohm’s law [21, 22].

J = σ E +U × Bð Þ: ð12Þ

It is assumed that the electrodes are ideal conductors; the
external electrical field is given by Equation (13) and applied
in z direction.

E = −k U × Bð Þ, ð13Þ

where k is the load factor, and k > 1 for the MHD acceler-
ator [9, 23].

Considering that the Hall effect is neglected, the electrical
conductivity and external electromagnetic field are simplified
to be constant in the MHD interaction zone. Except for the
MHD zone, the electrical conductivity and electromagnetic
field strength are assumed to be zero.

Bx = 0, By = B, Bz = 0,

Ex = 0, Ey = 0, Ez = −kBu,

Jx = 0, Jy = 0, Jz = σ 1 − kð ÞBu,
J ⋅ E = Jz ⋅ Ez = −σk 1 − kð Þu2B2:

ð14Þ

For the solution of Equation (10), the influence of the
electromagnetic field is restricted exclusively to the electro-
magnetic source term. Thus, the solution procedure can take
advantage of the ability to use more conventional computa-
tional fluid dynamics (CFD) methods. In this paper, the
AUSMPW+ second-order upwind scheme with the MUSCL
reconstruction method is used for the inviscid flux vectors.
The diffusion terms are calculated by the second-order
central-differencing scheme. As for time discretization, an
approximately factored Lower-Upper Symmetric Gauss-
Seidel (LU-SGS) scheme is used to eliminate the rigid prob-
lem caused by the large electromagnetic source terms.

3. Code Validations and Grid
Independency Test

In order to validate the code’s ability to accurately simulate
the SWBLI in hypersonic laminar separation flows, a com-
pression corner flow simulation was run for comparison to
experimental results [24]. The freestream conditions were
specified as initial conditions, as shown in Table 1. The
incoming boundary layer is laminar and the Reynolds num-
ber at the corner is 105; a cold wall (Tw = 297:2K) is assumed,
and a perfect-gas model for air is used. Figure 1 shows the
grid diagrammatic sketch for ramp calculations, which con-
sists of 101 grid points in the normal direction and 101 grid

points in the streamwise direction. Grid clustering has been
implemented near the corner and the wall region to accu-
rately capture viscous effects.

In Figure 2(a), the wall pressure and skin-friction distri-
butions for high-Mach-number flows over a 15-degree ramp
are plotted. Figure 2(b) shows the comparison of the wall
pressure and skin-friction distributions with experimental
values over an 18-degree ramp. Very good agreement was
found for the cases of a 15-degree ramp and an 18-degree
ramp. Here, the pressure coefficient is defined as Cp = ½p/ð1/
2Þρ∞u2∞� and the skin-friction coefficient is defined as Cf =
½τw/ð1/2Þρ∞u2∞�.

Figure 3 shows the computed pressure and typical heat
transfer distributions for a 24-degree ramp case. Compared
with experimental results provided by Holden et al., there
are only very slight differences in the predictions from the
codes. The general features of the computed results for the
24-degree ramp case demonstrated a trend that the extent
of separation is slightly larger than that found in the experi-
ment. The surface heat transfer is represented in a nondi-
mensional form by the Stanton number defined as

St =
_qw

ρ∞U∞ hst,∞ − hwð Þ , ð15Þ

where ρ∞, U∞ are the density and velocity of the
upstream flow, respectively; _qw is the wall heat transfer (in
W/m2); hst,∞ is the upstream flow stagnation enthalpy; and
hw is the flow enthalpy at the wall. Nevertheless, although
the location of the peaks of the surface pressure is not the
same, the overall results match up well.

In order to guarantee the accuracy of the solver’s Lorentz
source term, a flat plate flow simulation was run for compar-
ison to reference results. The flow parameters for this test
case are shown in Table 2. The magnetic Reynolds number
based on the length of the flat plate is Rem = 0:058. Therefore,
the MHD equations will be solved by the low magnetic Reyn-
olds number formulation. A structural grid consisting of 50
grid points in the normal direction and 100 grid points in
the streamwise direction was used to compute the case; the
distance of the first grid point off the wall is 2 × 10‐7 m.

Table 1: Freestream conditions for compression corner flow.

Property Symbol Value

Mach number Ma 14.1

Temperature T∞ 72.7 K

Reynolds number Re/m 2:32 × 105/m

Density ρ∞ 4:84 × 10−4 kg/m3

Figure 1: Grid diagrammatic sketch for ramp calculations.
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The velocity at x = 0:06m under the applied magnetic
field strength of 1.0 T is illustrated in Figure 4. It shows that
the velocity profiles obtained in this paper are in good agree-
ment with Hiromasa’s simulation results [25] and thus vali-
dates the MHD code’s ability of numerical simulation in
the low magnetic Reynolds number flow condition.

It is widely considered that a major source of inaccuracy
in aerodynamic prediction is associated with grid scale, espe-
cially the normal grid spacing at the wall. The authors, there-
fore, validated the grid independency in advance. The blunt
body Orbital Reentry Experiment (OREX) capsule is utilized
as the calculation model. Figure 5 shows the configuration of
OREX. The forebody shape is composed of a spherical nose, a
cone, and a circular shoulder. A grid independency test is
conducted by employing six grids with different normal grid
spacings at the wall when B0 equals 0.0T. For this case, the
flight conditions correspond to the altitude of 51.99 km and
a velocity of 3873.4m/s. Heat flux distributions under differ-
ent normal grid spacings at the wall are shown in Figure 6; it
is clear that the grid is convergent for heat flux computations
while inflow cell Reynolds number ReΔn,∞ = 1:6, and a
proper grid is employed in the following study.

4. Ramp-Induced Separation Control

When a hypersonic flow propagates over a compression
ramp, a remarkable adverse pressure gradient may appear
near the corner due to the displacement effect of the wall,
possibly leading to a separation in the vicinity of the corner,
as well as the emergence of the shock wave boundary layer
interaction. The separation could result in a variety of unfa-
vorable factors in engineering applications. An effective tool
to reduce flow separation is to introduce a Lorentz force on
the wall near the corner. Table 3 shows the parameters of
MHD flow over the 24° compression corner. A structural grid
is generated for this compression ramp case, which consists
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Figure 2: Comparison between pressure and skin friction for compression corner flows and experimental data provided by Holden: (a) ramp
angle 15°; (b) ramp angle 18°.
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wedge-induced separated flows and experimental data provided by
Holden.

Table 2: Freestream conditions for flat plate flow.

Property Symbol Value

Mach number Ma 2.0

Temperature T∞ 300K

Reynolds number Re∞ 3:75 × 106

Pressure P∞ 1:706 × 105N/m2

Length of flat plate L 0.08m

Electrical conductivity σe 800 S/m
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of 101 grid points in the normal direction and 101 grid points
in the streamwise direction. The grid points are clustered
near the wall and the distance of the first grid point off the
wall is 1 × 10−6 m. In this section, these issues are illustrated
with relatively simple two-dimensional interaction flows.
The simulations are used to describe the key features of
hypersonic SWBLI flows. These simulations may not capture
all of the critical physics of the flows. However, the simula-
tions are useful for understanding many important aspects
of these complex flows.

Figure 7 illustrates the schematic of electric field and
magnetic field in the MHD interaction zone. A suitable con-
figuration of magnets and electrodes can generate a body
force within an electrically conducting fluid that influences
the boundary layer. Figure 8 shows the schematic sketch of
the MHD separation flow control system that allows the gen-
eration of a streamwise Lorentz force, where B represents the
magnetic field vector, directed parallel to y-axis; U is the flow
velocity vector; and J represents the current density vector in
the region of MHD interaction. The Lorentz force vector is
defined by the relation F= J × B, which points to the stream-
wise direction.

The effect of the MHD interaction region location and
the applied electromagnetic field strength are investigated
in this paper. The electromagnetic flow control parameters
on SWBLI are summarized in Table 4. Three kinds of electro-
magnetic configurations are compared and analyzed. The
electromagnetic configuration MHD1 is where an electro-
magnetic field is applied over a region near the separation
point from x1/L = 0:5 to x2/L = 0:8 on the flat plate section.
Another area used is a zone adjacent to the corner from x1/
L = 0:9 to x2/L = 1:2, namely, the electromagnetic configura-
tion MHD2. As to the electromagnetic configuration MHD3,
the MHD control system was implemented in a zone that is
near the reattachment point from x1/L = 1:0 to x2/L = 1:3.

The goal of applying an electromagnetic field into the
flow is to control the flow separation that occurs due to a suf-
ficiently highly adverse pressure gradient and a loss of the
momentum by the friction. The case of separation induced
by a compression ramp is illustrated by the flow sketch in
Figure 9. The compression corner causes the boundary layer
to separate, producing a separation shock, reattachment
shock, and separation zone. It can also be seen from
Figure 9 that the position of the separation point S is near x
/L = 0:67 and that of the reattachment point R is near x/L
= 1:25. For MHD analysis, Figure 10 illustrates the flow field
structure induced by a ramp with a localized MHD flow con-
trol system MHD2. The streamwise Lorentz force generated
after the application of electromagnetic field has resulted in
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Table 3: Parameters of MHD flow over the 24° compression corner.

Property Symbol Value

Mach number Ma 7.7

Temperature T∞ 300K

Reynolds number Re/m 7:60 × 104/m

Density ρ∞ 5:27 × 10−4 kg/m3

5International Journal of Aerospace Engineering



a decrease in the size of the separation zone. With MHD
accelerating the boundary layer, the separation in the com-
pression corner is eliminated.

In order to distinguish the effects of Joule heating from
the effects of the Lorentz force, the flow field electrical con-
ductivity is brought down from 2.0 mho/m, in the previous

case (Table 4), to 1.0 mho/m. In this case, we imposed an
electric field of load factor k = 1:5 and magnetic field of
2.5 T in the MHD interaction zone. The effects of the Joule
heating on the wall pressure and wall heat transfer distribu-
tions are presented in Figure 11. The simulated wall-
pressure distribution for both the Joule heating term and
the Lorentz force was found almost the same as the one for
no MHD interaction under the freestream conditions of
Table 3. This is explained by the increase of wall pressure
by Joule heating and by the decrease of wall pressure due to
flow acceleration by the streamwise Lorentz force, which
agrees well with findings in Ref. [26]. The effects of the accel-
erating Lorentz force are not strong enough to nullify the
negative effects of Joule heating. For the case without the
Joule heating term, the significant pressure decrease and wall
heat transfer increase were observed.

The influences of the MHD interaction region location
on the wall pressure distributions are summarized in
Figure 12(a), including without MHD interaction case. In
the case with MHD off, the wall pressure distribution initially
exhibits a steep rise, associated with separation, followed by a
plateau typical of separated flows. After that, a more progres-
sive pressure rise occurs during reattachment. For the viscous
MHD computation, case MHD1 suppresses the plateau typ-
ical of wall-pressure distribution locally, where the electro-
magnetic field is applied. Moreover, the plateau pressure is
increased, and the location of the wall pressure peak changed.
Case MHD2 manages to completely eliminate the plateau
typical of wall-pressure distribution. As to case MHD3, the
applied electromagnetic field moves downstream of the loca-
tion of separation point S and moves upstream of the loca-
tion of reattachment point R.

Figure 12(b) depicts the influence of the MHD interac-
tion region location on the wall heat transfer distribution
for ramp-induced separation flow with and without the
MHD control effect. When the MHD is off, a rapid decrease
starts at a location coincident with the separation onset. This
decrease is typical of ramp-induced separation in laminar
flows. The heat transfer experiences a minimum in the sepa-
rated region, then rises during reattachment; the peak value is
achieved downstream of the reattachment point. For the
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Figure 7: Schematic of electric field and magnetic field in MHD
interaction zone.

B

Wedge

x

y

z

y

JE

F 24°
UJ

x1 x2

J0 = U × B 

F = J × B 

Figure 8: Schematic sketch of MHD separation flow control over a
24-degree ramp.

Table 4: Electromagnetic flow control parameters on SWBLI.

Case x1/L x2/L Bmax (T) Load factor Sigma

MHD1 0.5 0.8 2.5 1.5 2.0

MHD2 0.9 1.2 2.5 1.5 2.0

MHD3 1.0 1.3 2.5 1.5 2.0
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viscous MHD computation, the acceleration of the flow near
the separation point causes a spike in the wall heat transfer
for case MHD1. All in all, there exists a best location for
the MHD zone to be applied and completely eliminate the
separation of the flow from the surface (MHD2).

The velocity and temperature profiles are plotted at x/L
= 0:9, shown in Figure 13. In this picture, the simulation
results for different electromagnetic field locations are repre-
sented by various lines in the profile plot. The computation
showed that the boundary layer is accelerated to more full
compare to the case with MHD off, but the velocity and tem-
perature profiles vary greatly with different MHD interaction
region locations. The velocity profiles are most full when the
MHD interaction region location is at 0:9 < x/L < 1:2

(MHD2). It can be found that the boundary-layer thickness
decreased when the MHD is applied.

In our simulations, we consider several combinations of
electric and magnetic fields to understand the effects of these
external fields on the boundary layer structure. The effects of
the electromagnetic field strength on the wall pressure distri-
butions are shown in Figure 14(a). In the plot, the electric
field intensity is represented by the load factor k. The Joule
heating and Lorentz force become greater and alter the flow
to a greater extent than with the low electromagnetic field
intensity. It can be seen that the pressure plateau grows
smaller with strengthening of the electromagnetic field
strength, and the flow field structure can be changed. More-
over, the plateau typical of wall-pressure distribution can be

x/L
0 0.5 1 1.5 2

0

1

2

3

4

Cp_NS
Cp_MHD_with joule heating
Cp_MHD_without joule heating

Location_X/L_(0.7-1.0)
B = 2.5 T_k = 1.5
Sigma = 1.0 mho/m

(a)

x/L
0 0.5 1 1.5 2

St_NS
St_MHD_with joule heating
St_MHD_without joule heating

0

1

2

3

4

Location_X/L_(0.7-1.0)
B = 2.5 T_k = 1.5
Sigma = 1.0 mho/m

Lo
g(

St
⁎

10
00

)

lo
g(

St
⁎

10
00

)

(b)

Figure 11: Effect of the Joule heating on the wall pressure and wall heat transfer distribution: (a) wall pressure distribution; (b) wall heat
transfer distribution.
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completely eliminated with the magnetic field strength of
2.5T and the load factor of 1.5. The effects of the electro-
magnetic field strength on the wall heat transfer distribu-
tions are summarized in Figure 14(b). As we can see, the
computational case with the magnetic field strength of
2.5T and the load factor of 1.5 shows higher heat trans-
fer values near the corner. All other computational cases
does not provide a substantial reduction in the wall heat
transfer peak but move the location of the wall heat
transfer peak.

The velocity and temperature profiles near the corner
at x/L = 0:9 under different electromagnetic field strengths

are shown in Figure 15. It can be seen that the velocity
and temperature profiles vary drastically with different
electromagnetic field strengths. The velocity profiles are
most full when the magnetic field strength B = 2:5T and
load factor k = 1:5. Moreover, the application of these
combinations of electric and magnetic field strengths is
able to accomplish the goal of the present work to elimi-
nate the ramp-induced separation. For mitigating the
effects of Joule heating, the electromagnetic field strength
required is significant, and it is observed that the effects
of the accelerating Lorentz force are strong enough to nul-
lify the effects of Joule heating.
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Figure 13: Velocity and temperature profiles near the corner at x/L = 0:9 under different interaction region locations: (a) profiles of velocities;
(b) profiles of temperatures.
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Figure 14: Effect of the electromagnetic field strength on the wall pressure and wall heat transfer distribution: (a) wall pressure distribution;
(b) wall heat transfer distribution.

8 International Journal of Aerospace Engineering



5. Inlet Boundary Layer Separation Control

For a 2D double wedge ramp hypersonic inlet, the reflect
shock impinges on the shoulder and interacts with the thick
boundary layer growing along the ramp side wall, producing
a classic shock-induced separation phenomenon. The mech-
anisms of boundary layer separation caused by SWBLI in the
scramjet inlet and its control with magnetohydrodynamics
were investigated numerically with a two-dimensional CFD
code. Figure 16 presents the geometry for the 2D double
wedge ramp scramjet inlet. The local grid for scramjet inlet
calculations is shown in Figure 17. The 2D double wedge
ramp scramjet inlet structural grid is divided into eight
blocks, which consist of 43200 grid points. Grid clustering
has been implemented near the wall region, and the distance
of the first grid point off the wall is 1 × 10−6 m.

For numerical simulation, freestream conditions at the
scramjet inlet entrance are shown in Table 5. In the experi-
mental case of low Reynolds number and low turbulence
intensity, the boundary layer downstream of the inlet lip
can be assumed as a laminar boundary layer. In Section 4,
it has been verified that the separation flow control system
can alleviate or even completely eliminate the ramp-
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Figure 15: Velocity and temperature profiles near the corner at x/L = 0:9 under different electromagnetic field strengths: (a) profiles of
velocities; (b) profiles of temperatures.
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Figure 16: Geometry for the 2D double wedge ramp scramjet inlet (mm).

Figure 17: Local grid for scramjet inlet calculations.

Table 5: Flow conditions at the scramjet inlet entrance.

Property Symbol Value

Mach number Ma 5.8

Temperature T∞ 300K

Reynolds number Re/m 5:75 × 104/m

Density ρ∞ 5:27 × 10−4 kg/m3

9International Journal of Aerospace Engineering



induced separation, as shown in Figure 18 control system①.
To extend the local laminar region and eliminate the shock-
induced separation bubble, a localized MHD flow control
system ② should be applied to accelerate the boundary layer
in the 2D double wedge ramp hypersonic inlet. Figure 19 dis-

plays the Lorentz force and streamline distributions of MHD
separation flow control system ②. In this case, we have
imposed an external uniform magnetic field strength of
3.0 T, directed parallel to the y-axis in the MHD interaction
control region. It can be seen that the MHD separation flow

7°
22°
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X

Y

x1 x2
80 mm 

44.6 mm 

200 mm 

550 mm 

Figure 18: Schematic sketch of MHD separation flow control over a hypersonic inlet.
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Figure 19: Local Lorentz force and streamline distributions of MHD separation flow control system (B = 3:0T).
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Figure 20: Flow field structure in hypersonic inlet without MHD
control.
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Figure 21: Flow field structure in hypersonic inlet with MHD
control (Bmax = 3:0 T).
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control system ② is mainly determined by the influence of
the streamwise Lorentz force. The streamwise Lorentz force
accelerates the flow and decreases the adverse pressure gradi-
ent, whereby the shock-induced separation control condition
shall be achieved.

Figure 20 is a computational simulation of a 2D double
wedge ramp hypersonic inlet configuration without the
MHD control. The figure shows a classic SWBLI, with the
impinging shock reflecting from the surface. The shock
impingement causes the boundary layer to separate and pro-
duce a separation bubble. S and R represent the separation
point and reattachment point, respectively. The recirculating
flow separates from the freestream flow bounded by a sonic
line. Figure 21 illustrates the flow field structure in hyper-
sonic inlet with MHD control system ②. As we can see, the
MHD control technique could move the separation point
downstream, diminish the separation bubble, and then allevi-
ate or even eliminate the shock-induced separation.

Furthermore, a comparison of Mach contours has also
been made for the computations without and with the appli-

cation of electromagnetic field. From Figure 22, we can
clearly observe that with an external electromagnetic field
applied, the low velocity fluid in the boundary layer can be
accelerated. The significant increase of the Mach number in
the boundary layer was observed when the MHD control
technique was applied.

Figure 23 plots the computed pressure distribution on the
surface for hypersonic inlet case with and without MHD con-
trol effect. Here, the plateau typical of wall pressure is caused
by the additional flow-turning due to the boundary layer and
the complex system of shock waves generated by the interac-
tion at the location from x/L = 0:25 to x/L = 0:35. Then, the
MHD controlled case demonstrates that the shock-induced
flow separation can be effectively reduced by flow accelera-
tion of the Lorentz force directed in the streamwise direction.
The shock-induced plateau typical of wall-pressure distribu-
tion can be completely eliminated.

6. Conclusions

SWBLI can be viewed as a competition between a variable
property flow and an abrupt pressure rise. The result of this
conflict depends on the pressure-rise amplitude and the
boundary-layer characteristics. The possibility of controlling
the hypersonic separation flows by application of an external
electromagnetic field is investigated in this paper. Conclu-
sions can be summarized as follows:

(1) The performance of MHD separation flow control is
mainly determined by flow acceleration of the
Lorentz force directed in the streamwise direction.
The Joule heating term always brings negative effects
on the MHD separation flow control and increases
the static pressure locally, where the electromagnetic
field is applied

(2) With an external electromagnetic field applied, the
low velocity fluid in the boundary layer can be
accelerated

(3) The MHD control technique could move the separa-
tion point downstream, diminish the separation
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Figure 22: Mach contours in a 2D double wedge ramp hypersonic inlet: (a) flow field without MHD control; (b) flow field with MHD control.
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bubble, and then alleviate or even eliminate the
ramp-induced/shock-induced separation

(4) There exists a best location for the magnetohydrody-
namic zone to be applied and completely eliminate
the separation of the flow from the surface

The numerical simulation demonstrated that it is possi-
ble to suppress the separation bubble induced by shock wave
boundary layer interactions with MHD accelerating the
boundary layer. The study provides a foundation for future
developments of a comprehensive tool for a hypersonic inlet
MHD flow control technique.
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