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A third-order weighted essentially nonoscillatory and non-free-parameter difference scheme magneto-

hydrodynamic solver has been established to investigate the mechanisms of magnetohydrodynamics controlling

separation induced by an oblique shock wave impinging on a flat plate. The effects of magnetohydrodynamic

interaction-zone location on the separation point, reattachment point, separation-bubble size, and boundary-layer

velocity profiles are analyzed. The results show that there exists a best location for themagnetohydrodynamic zone to

be applied, where the separation point is delayed the farthest, and the separation bubble is decreased up to about

50% in size compared to the case without magnetohydrodynamic control, which demonstrated the promising of

magnetohydrodynamics suppressing the separation induced by shock-wave/boundary-layer interactions.

Nomenclature

Bi = magnetic field component in i direction
Ez = electric field in z direction
et = total energy
F, G = inviscid flux
Fv, Gv = viscous flux
J = Jacobi matrix
ji = electrical current density component in i direction
k = load factor
L = characteristic length scale in the paper (0.16 m)
M = Mach number
Pr = Prandtl number
p = statistic pressure
Res = Residual
Re = Reynolds number
Rm = magnetic Reynolds number
S = magnetic interaction parameter
T = temperature
t = time
U = conservative variables
u, v = velocity vector component
x, y, z = Cartesian coordinate direction
�1 = general coordinate direction
� = dynamic viscosity
�, �, � = general coordinate direction
� = statistic density
� = electrical conductivity of ionized gas
� = general coordinate

Subscripts

i = index of the grid in x direction

0 = characteristic reference conditions
1 = freestream condition

I. Introduction

S HOCK-WAVE/BOUNDARY-LAYER interactions (SWBLIs)
are ubiquitous in hypersonic intakes, which often result in

boundary-layer separation and cause inlet flowfield distortion or
even unstart. There are correlations among the onset location of
boundary-layer separation point in the isolator, the momentum
thickness at the scramjet inlet exit section, and the pressure at the
combustor [1]. So by controlling the momentum thickness of the
scramjet inlet exit section or the onset location of the separation
point, the isolator can resist more backpressure in the combustor,
which means much more fuel can be added into the combustor and
the engine thrust increased.

Magnetohydrodynamics (MHD) is an advanced flow control
method in diminishing or eliminating separation by using theLorentz
force to accelerate the boundary layer. In [2], the size of the separation
bubble has been decreased about 10%by applying Lorentz force, and
in [3], the velocity of the boundary-layer low-speed region is accel-
erated from 350 to 2000 m=s, which demonstrate the possibility and
promising of MHD suppressing boundary-layer separation.

In recent years, more and more work about MHD-controlled
boundary layer has been studied experimentally [4–7] and numer-
ically [8,9]. In [8], the effects of load parameter and magnetic
interaction parameter on hypersonic corner SWBLI flow has been
investigated extensively. However, till to now, none of these studies
has focused on how the positions of theMHD interaction zone affect
SWBLI.

In this paper, a high-resolution third-order weighted ENN
(essentially nonoscillatory and non-free-parameter) scheme [10,11]
MHD code with low magnetic Reynolds numbers assumption has
been established, with which the effects of MHD interaction-zone
position on the SWBLI flow distortion, separation-bubble size,
separation point location, boundary-layer velocity profile are
investigated.

II. Numerical Model

A. Governing Equations

The magnetic Reynolds number shows the ratio of induced
magnetic field to the applied magnetic field, MHD-controlled
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boundary-layer separation belongs to low magnetic Reynolds
numbers flow, so there is no need to solve the full MHD equations.
The nondimensional low magnetic Reynolds MHD equations are
listed as below:
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In generalized coordinate systems, Eq. (1) becomes
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where J is the Jacobian of transformation. More details can be found
in [10,11].

B. Solution Methods

In the paper, the inviscid flux vectors are discreted using Roe-type
third-order weighted ENN schemes [10]. The conservative differ-
ence scheme of the inviscid flux vector in Eq. (7) can be written as
below [10,11]:
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The third term on the left in Eq. (7) can be obtained with the same
method.

The viscous flux vectors of Eq. (7) are discreted with Roe-
averaged central difference schemes. An explicit-implicit algorithm
is also employed for Eqs. (7), i.e., the difference scheme is explicit in
the � direction and implicit in the � direction, in which the boundary
layer near the wall plays an important role.

III. Numerical Results

A. Code Validations

In this section, the supersonic conductive flows over a cylinder
blunt body is computed and the shock standoff distance is compared
with the analytical solution proposed by Lykoudis [12]. The compu-
tational conditions are listed in Table 1 and the computational grid is
shown in Fig. 1.

Figure 2 is the relation of the shock standoff distance with the
magnetic interaction parameters, where DS is the shock standoff
distance at various magnetic interaction parameter S, and DS0 is the
shock standoff distancewithoutMHD-control. It can be seen that the
numerical solutions are in good agreement with the analytical ones.

B. MHD-Controlled SWBLI

1. Formulation of the Problem

As shown in Fig. 3, the computational domain is 0< x < 0:32 m,
0< y < 0:1215 m. The flat plate is introduced from x� 0:03 m, in
the paper, x and y are nondimensionalized with L� 0:16 m.

Table 1 Parameters of MHD flow over

the blunt body

Property Values

Pressure 32.3 Pa
Temperature 3708 K
Mach number 2.97
Electrical conductivity 800 mho=m
Radius of blunt body 0.025 m
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The freestream condition is M1 � 2:0, Re� 2:96 	 105,
T1 � 293 K. An oblique shock wave with 34.5
 shock angle
impinges on the flat plate, causing the boundary layer to separate.

Figure 3 is a sketch of MHD-controlled SWBLI boundary-layer
separation. To eliminate the separation bubble, the Lorentz force
should be applied to accelerate the boundary layer. In the paper, the
external electrical field is applied in �z direction, the external
magnetic field is in y direction. For simplification, the Hall effect is
neglected and the external electrical field, magnetic field, and
electrical conductivity are assumed to be constant in the MHD zone.
The external electrical field is given by k��Ez=u1B1. Except for
the MHD zone, the external electrical field, magnetic field, and
electrical conductivity are assumed to be zero.

2. Grid Generation and Boundary Conditions

Algebraic grid generation method has been used to generate the
grid. The transformation relations are

�� x �� 1 �
ln ��1�1�y1

�1�1�y1�
ln ��1�1

�1�1�
(12)

where �1 is a parameter that control grid distributions. y1 � y=h, and
h is the height of the computational domain. A grid with 256 	 256
has been used.

At the inflow boundary, the flowfield parameters are given by the
freestream condition:

� �; u; v; T �T � ��1; u1; v1; T1 �T (13)

A nonslip adiabatic boundary condition is used for the bottom wall
boundary condition, while the pressure is calculated using the
Neumann boundary condition:
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@T
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@p
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� 0 (14)

For the top boundary, the freestream value is used before the
incident shock wave, and the flow values after the incident shock
wave are calculated used the oblique shock-wave relations.

At the outflow boundary, a two order extrapolationmethod is used
to get the flow parameters:

�Nx �
4�Nx�1 � �Nx�2

3
(15)

whereNx is the number of grid point in x direction, and the other flow
parameter can be extrapolated in the same way.

3. Grid Sensitivity and Convergence Criteria Analysis

The effect of grid sensitivity on computational results is shown in
Fig. 4. The grid density of 128 	 128 is 4 times that of 64 	 64, but
the computational results change little at various grid densities.

The relativemaximum density residual is shown in Fig. 5. And the
relative maximum density residual Res can be expressed as

Res �
MAXj�n�1i;j � �ni;jj

�1
(16)

InEq. (16),n is the iterative number. It can be seen fromFig. 5 that the
residual occurring a peak in the range of 10; 000<N < 40; 000,
showing the process of separation-bubble enlargement during shock-
wave/boundary-layer interactions. And it can be found that when the
iterative number exceed 50, 000, the Res < 0:0007.
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S

D
S/

D
S0

0 0.2 0.4 0.6 0.8 1 1.2
0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

analytical solution
numerical solution

Fig. 2 Comparison of numerical solution with analytical solution of

MHD flows over a blunt body.

x/L

y/
L

0.5 1 1.5 2
0

0.5

Incident
Shock

MHD zone

Reflected
Shock

Fig. 3 Sketch of MHD-controlled SWBLI.

x/L

C
p

0.5 1 1.5 2

1.1

1.2

1.3

1.4

1.5

1.6

1.7

64x64
128x128

Fig. 4 Effects of grid density on wall pressure coefficients.

SU, CHANG, AND ZHANG 1055



4. Flowfield of SWBLI

Amajor characteristic of separated flows is lengthy flow establish
time [13]. Figure 6 shows the characteristic property of separated
flow, as the time steps increasing, the separation point moving
upstream,while the reattachment pointmoving downstream, thus the
separation bubble enlarging.

Although the establishment of SWBLI field is an unsteady
process, the change of shear stress is very slowly after 250,000 time
steps, which means that the steady flowfield has been established. It
can be seen from Fig. 6 that when the steady field is established, the
position of the separation point is x=L� 0:5, and the reattachment
point is x=L� 1:6.

5. Effects of MHD Zone Position on SWBLI

The position of theMHDzone is amain factor that affects SWBLI.
In this section, The SWBLI flowfields are numerically simulated
with theMHDzone at different positions, and the start-point and end-
point locations are listed inTable 2. Thewidth and height of theMHD
zone are x=L� 0:15 and y=L� 0:015. The load parameter is
k� 1:5, and the magnetic interaction parameter is S� 0:2. In the
computational cases, all the other factors are kept equal, only the
position of MHD interaction zone are changed.

Figure 7 is the relation of the separation point with the location of
MHD zone, where, Xse is the locations of the separation point with
MHD-control, respectively.

It can be seen that when the location of MHD zone moves down-
stream the location of separation point increases first, at x=L� 1:3
the separation point reaches its peak values, and after the point the
separation point position decreases.

The location of MHD zone also affects the position of the re-
attachment point. As shown in Fig. 8, the location of the reattachment
point is increasing as the MHD zone moves downstream before the
point x=L� 1:3. But the reattachment point will decrease as the
MHD location continues to move downstream after this point.

Figure 9 gives the dependence of separation-bubble size to the
MHD interaction-zone position. It can be put out that the separation
bubble is suppressed to the minimum size when the MHD zone is at
x=L� 1:3, which is the intersection point of incident shock with the
flat plate computed with Euler equations.

The streamlines in the cases with MHD off and MHD on (case 5)
are shown in Fig. 10. When the MHD is off, the separation-bubble
size is about x=L� 1:1, and there is a secondary vortex. When the
MHD is on (case 5), the secondary vortex is eliminated, and the
separation size is decreased about to 50% of that without MHD-
control.

The differences of separation-bubble size affect the wall pressure
distributions. Figure 11 has shown some wall pressure distributions
under different MHD interaction-zone positions (case 3, case 5, and
case 7) listed in Table 2. In the casewithMHDoff, the boundary layer
separates at x=L� 0:5, generating a separated shock wave, causing
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Table 2 Positions of MHD on SWBLI

Computational case x1, m x2, m

1 0.080 0.104
2 0.104 0.128
3 0.128 0.152
4 0.152 0.176
5 0.176 0.200
6 0.200 0.224
7 0.224 0.248
8 0.248 0.272
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Fig. 7 Separation point vs MHD zone position.
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Fig. 8 Reattachment point vs MHD zone position.
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the wall pressure increase, and in the separation bubble, the wall
pressure changes very little. The boundary layer attaches at
x=L� 1:6, generating attach shock waves, so the pressure arises
sharply.

As shown in Fig. 11, When the MHD interaction zone is before
0:152 m< x < 176 m (case 5), the pressure in the separation bubble
is higher than the pressure without MHD-control, while when the

MHD zone position is after 0:152m< x < 176m, the pressure is
lower than the pressure without control.

Figure 12 gives the velocity profiles at x=L� 1:2. It can be seen
that the boundary layer is accelerated to more full compared to the
case with MHD off, but the velocity profiles varies greatly with
different MHD zone position. The velocities profiles is the most full
When theMHD zone position is at 0:176 m< x < 0:2 m (case 5). It
can be found that the boundary-layer thickness decreased when the
MHD is applied, and in case 5, the boundary-layer thickness is
reduced to about 20% of the thickness of without MHD-control.

Figure 13 shows the profiles of temperatures at x=L� 1:2. It can
be found that the wall temperature increases about T=T1 � 0:24
(about 70 K) in case 3 because of energy deposition in the separation
bubble.

6. Effects of MHD Zone Position on SWBLI at Different S and K

Figure 14 gives the dependence of separation-bubble size toMHD
positions when S� 0:3 and k� 2. Although the magnetic inter-
action parameter and load factor are different, the conclusion also
shows that the best position of MHD applied is the intersection point
of the incident shock wave with the flat plate.

Figure 15 gives out the relations of separation point position with
MHD location. Although the separation-bubble size of MHD
position at x=L� 0:175 is close to that of MHD position at
x=L� 0:13, but the separation point of x=L� 1:3 is delayed to the
farthest distance.

It can be drawn from Figs. 14 and 15 that the best position for
MHD-controlling SWBLI is the intersection point of the incident
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shock wave with the flat plate when S� 0:3 and k� 2, which
corresponds well with the case of S� 0:2 and k� 1:5.

IV. Conclusions

In the present work, a two-dimensional high-order MHD code has
been established, with which the effects of MHD zone position on
SWBLI are investigated. The numerical results show the following:

1) The best position ofMHDapplied is the intersection point of the
incident shock wave with the flat plate.

2) When MHD is applied at this place, the separation-bubble size
is decreased up to 50% compared with the base field without control.

3) When MHD is applied at this place, the boundary-layer
thickness is reduced about to 20% of the thickness without MHD-
control.

The numerical simulation also demonstrates that it is possible and
promising to suppress the separation bubble induced by SWBLIwith
MHD accelerating the boundary layer.
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