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Numerical Simulations of Magnetic Flow Control
in Hypersonic Chemically Reacting Flows
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Hypersonic � ows over blunt bodies subject to magnetic � elds are numerically investigated. The magnetogasdy-
namic equations in the high magnetic Reynolds number formulation form an eight-equation system, with density,
momentum, magnetic � eld, and total energy as unknowns. In the low magnetic Reynolds number approximation,
the magnetic � eld induction is ignored, which leads to a � ve-equation system, where the magnetic interaction is
represented by source terms in the momentum and energy equations. A four-stage modi� ed Runge–Kutta scheme
with the Davis–Yee symmetric total variation diminishing model as a postprocessing stage is used to solve the mag-
netogasdynamicequations. High-temperature effects are simulated by equilibrium and nonequilibrium chemistry
models. The equilibriummodel computes thermodynamicproperties by interpolation from experimental data.The
nonequilibrium model is a 1-temperature, 5-species, 17-reaction model solved by an implicit � ux-vector splitting
scheme. A loosely coupled approach is implemented to communicate between the magnetogasdynamicequations
and the chemistry models. Numerical simulations for steady, inviscid, resistive magnetogasdynamicsover a hemi-
sphere subject to a dipole and a circular cylinder–wedge under the in� uence of an axial magnetic � eld agree well
with existing solutions obtained using different methods. High-temperature effects are investigated for the cylinder
con� guration at various altitudes and Mach numbers.

Nomenclature
A = convective � ux Jacobian matrix in x direction,

associated with E
B = norm of magnetic � eld vector, kEBk
B = convective � ux Jacobian matrix in y direction,

associated with F

EB = magnetic � eld vector,
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C = convective � ux Jacobian matrix in z direction,
associated with G

cs = mass fraction of species s
E = convective � ux vector in x direction, fEg8 £ 1
EE = electric � eld
Ev = diffusion � ux vector in x direction, fEvg8 £ 1

e = speci� c internal energy of gas mixture
ee;s = electronic energy mode of species s
er;s = rotational energy mode of species s
es = speci� c internal energy of species s
et = speci� c total energy of gas mixture
et;s = translational energy mode of species s
ev;s = vibrational energy mode of species s
ex ; ey; ez = Cartesian base unit vectors
e0;s = zero-point energy of species s
F = convective � ux vector in y direction, fF g8 £ 1

Fv = diffusion � ux vector in y direction, fFvg8 £ 1

G = convective � ux vector in z direction, fGg8 £ 1

Gv = diffusion � ux vector in z direction, fGv g8 £ 1

H = magnetic source � ux vector, fH g8 £ 1
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h t = speci� c total enthalpy of gas mixture
h0;s = speci� c heat of formation of species s
NNI or I = identity tensor or identity matrix
J = Jacobian of transformation
J = current density vector
L = left eigenvectormatrix, fLg8 £ 8

M = Mach number
p = pressure
Q = solution vector, fQg8 £ 1

q = surface heat � ux
R = right eigenvector matrix, fRg8 £ 8

Rb = magnetic pressure number
Re = Reynolds number
Rem = magnetic Reynolds number
Rs = speci� c gas constant of species s
rb = body radius
S = electromagnetic source term in low magnetic

Reynolds number formulation
T = temperature
t = time
U = norm of velocity vector, kUk

U = velocity vector,
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PWc = mass production/extinction rate � ux due
to chemical reactions, f Pwcg5 £ 5

x; y; z = Cartesian coordinates
° = ratio of speci� c heats
1 = shock standoff distance
³ = generalized coordinate
³x ; ³y; ³z = transformationmetrics
´ = generalized coordinate
´x ; ´y ; ´z = transformationmetrics
µv;s = characteristicvibrational temperature of species s
¸ = eigenvalue
¹ = dynamic viscosity
¹e = magnetic permeability
ºe = magnetic diffusivity, 1=¹e¾e

» = generalized coordinate
»x ; »y ; »z = transformationmetrics
½ = density
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¾e = electrical conductivity
NN¿ = shear stress tensor
NU = total variation diminishing (TVD) � ux limiter

function vector, f N8g8 £ 1

Ã = entropy correction function in TVD scheme

Subscripts

c = chemical quantity
i = index in » direction
j = index in ´ direction
k = index in ³ direction
ref = reference quantity
SM = number of chemical species
s = index for chemical species
0 = reference quantity or vacuum quantity
1 = freestream quantity

Superscripts

n = iteration (time) level
N = quantity expressed in generalized curvilinear

coordinates

Introduction

T HE design of a cruise hypersonic aircraft remains confronted
with the extremely high temperatures experienced in hyper-

velocity � ight. In the conventional approach, thermal protection is
providedby heat shields.Furthermore, thenose,wing leadingedges,
and other segments of hypersonicvehicles that are subject to severe
aerodynamicheating are blunt shaped to reduce heat transfer.How-
ever, these techniques are not satisfactory for routine hypersonic
� ight, due to the limitationsof the materials constitutingthe current
heat shields and the additional drag associatedwith detached shock
waves over blunt bodies compared to that associated with attached
shock waves over sharp con� gurations.

An alternative to conventional methods is to use magnetic � ow
control. Indeed, at velocities characteristic of spacecraft reentry,
thermal ionization enhances the electrical conductivity of the gas
in the shock layers, so that the � ow can be in� uenced by a mag-
netic � eld.Magnetogasdynamic(MGD) hypersonic� ows overblunt
bodies have been the object of intensive investigationssince the late
1950s. Some theoretical, semi-analytical and empirical studies are
reported in the literature.1¡12 Because the levels of electrical con-
ductivity of thermally ionized air are relatively low, effective mag-
netic control requires either a strong applied magnetic � eld or/and
enhanced electrical conductivity. This led investigators in the late
1950sand early1960s,when most of the theoretical,semi-analytical
and empirical studies in MGD were conducted, to realize that mag-
netic � ow control was not competitive compared to other types
of � ow control.9 Since then, considerable technological progress
has taken place in the � eld of superconducting magnets and en-
hancement of electrical conductivity by arti� cial ionization. The
present state of the art allows us to reconsider the electromagnetic
� ow control as an ef� cient technique for future hypersonic aircraft
project such as AJAX.13;14 A comprehensive literature survey on
magnetic � ow control is presented in Ref. 15. With the advances
in computer technology and development of high-order numerical
schemes,computational� uid dynamics (CFD) has emerged and has
been extended to magneto� uidynamics.Several numerical schemes
have been proposed for the solution of MGD equations and applied
to simulations of blunt-body � ows.15¡19

In the hypersonichigh-temperatureenvironment, air in the shock
layer does not behave as a calorically perfect gas due to chemical
reactions. For a calorically perfect gas, the ratio of speci� c heats
° is constant, and the internal energy e is typically a function of
temperature only. For chemically reacting � ow, e is a function of
both temperatureand pressure, and ° is no longer a constant.Three
chemical states may be de� ned, namely, frozen, equilibrium, and
nonequilibrium. The determination of the chemical states is based
on the relative importance of the following characteristic times: the
time for a � uid element to traverse the � ow� eld of interest, ¿ f ,

and the time for the chemical reactions and/or vibrational energy
to approachequilibrium,¿c . In chemically frozen � ow, no chemical
reactions take place. In other words, ¿c=¿ f tends to in� nity. On the
other hand, in chemical equilibrium, reactions are assumed instan-
taneous, that is, ¿c=¿ f equals zero. Chemical equilibrium may be a
good approximation if ¿c is negligible compared to ¿ f . In reality,
chemical reactions do not take place instantaneously, and ¿c may
be of the same order of magnitude as ¿ f . In this case, the � ow is in
chemical nonequilibrium.

Many thermochemical models to simulate high-temperature ef-
fects have been proposed by investigators.20;21 Modeling chemical
equilibrium can be accomplished relatively easily by incorporating
tables and curve � ts of thermodynamic properties.22 On the other
hand, chemical and possible thermal nonequilibriumis more com-
plex due to the abundanceof the species present in the medium and
the necessity to take into account various energy levels and requires
the solution of a set of species conservation equations. Extensions
of CFD algorithms to nonequilibriumchemistry have been accom-
plished by several investigators.23¡25

The objectives of the present research are to illustrate some fea-
tures of MGD � ows over blunt bodies. Depending on the level of
electrical conductivity of the working medium, two different ap-
proaches are considered. In the most general case, the system of
MGD equations expresses the conservation of mass, momentum,
energy, and the magnetic induction. This system is solved by a
three-dimensionalmodi� ed Runge–Kutta scheme augmented with
total variationdiminishing(TVD) limiters in a postprocessingstage
recently developed by the authors.26 However, when the levels of
electrical conductivityare very low, a simpler and more suitable ap-
proach is to neglect the induced magnetic � eld and to solve the gas-
dynamics equations with magnetic effects represented as a source
term. The high-temperatureeffects on the � ow structure and chem-
ical compositionare investigatedusing chemistry models. The gov-
erning equations and the numerical schemes are reviewed in the
following sections.

Governing Equations
MGD

The full governing equations of magnetogasdynamicscan be ex-
pressed in a vector form as
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where

½et D ½.U 2=2/ C p=.° ¡ 1/ C B2
¯

2¹e0 (1b)

The third term in the left-hand side of Eq. (1a), due to the im-
plementation of Powell’s scheme,27 convects numerically induced
nonzero divergence of the magnetic � eld away from the domain of
computation. This issue is discussed in detail in Ref. 28.

Equation (1) is valid for continuum, nonrelativistic � ows of
isotropic,electricallyneutral media, with the electromagneticprop-
erties of vacuum. (Magnetic permeabilityof vacuum is used.) Body
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forces other than electromagnetic forces, potential energies, heat
due to chemical reactions, and radiation have been neglected.

Theoretically, Eq. (1) describes any MGD phenomenon that
meets the assumptionsspeci� ed earlier. However, for low magnetic
Reynolds number � ows, Eq. (1) is not suitable for numerical com-
putations, as explained in Ref. 19. Because, for such cases, the ap-
pliedmagnetic � eld is negligiblydisturbedby the � ow, the induction
equationis dropped.The governingequationsare theNavier–Stokes
equationsamended with a source term representingthe electromag-
netic effect on the � ow written as
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where

½et D ½.U 2=2/ C p=.° ¡ 1/ (2b)

The current density J is evaluated using Ohm’s law as

J D ¾e.EE C U £ EB/ (2c)

For numerical purposes, Eqs. (1) and (2) are expressed in gen-
eralized curvilinear coordinates and nondimensionalized.The high
magnetic Reynolds number formulation is
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NE, NF, NG, and NEv , NFv , NGv represent the convectiveand diffusion � ux
terms, respectively. Each � ux vector has eight components. The NH
term is the result of the enforcement of Powell’s methodology.27

The low magnetic Reynolds number formulation is
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In this case, � ux vectors NE, NF, NG, and NEv , NFv , NGv have � ve com-
ponents. NS represents the electromagnetic source term. Details of
Eqs. (1–4) are provided in Ref. 28.

Finite-Rate Chemistry Model

The proposed chemistry model is based on thermal dissociations
of air molecules:

O2 C M *) 2O C M (5)

N2 C M *) 2N C M (6)

NO C M *) N C O C M (7)

and exchange reactions involving NO:

NO C O *) N C O2 (8)

O C N2 *) N C NO (9)

where M is a third body, which can be either O2 , N2 , NO, O, or N.
Thus, 17 reactions involving 5 species are considered. The internal
speci� c energy for a species s is expressed for an atom as

es D et;s C ee;s C e0;s (10a)

and for a molecule as

es D et;s C er;s C ev;s C ee;s C e0;s (10b)

where et;s , er;s , ev;s , ee;s , and e0;s represent the translational, ro-
tational, vibrational, electronic, and zero-point speci� c energies,
respectively. Statistical thermodynamics leads to the following
expressions:

et;s D 3
2

Rs T (11a)

er;s D Rs T (11b)

ev;s D µv;s=T

exp.µv;s=T / ¡ 1
Rs T (11c)

In this model, the electronicenergy is neglected.For air, neglect-
ing this energy is a reasonable assumption, which induces an error
less than 1% (Ref. 23). The zero-pointenergy is replacedby the heat
of formation h0;s . Thus, the internal speci� c energy for an atom is
rewritten as

es D 3
2

Rs T C h0;s (12a)

and for a diatomic molecule is
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2
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The continuity equation for the chemical species is expressed in a
� ux-vector form as
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where the chemical solution vector is
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NEc , NFc, NGc denote the convective � ux terms for the chemi-
cal species. The PWc term, representing the rate of production or
extinctionof the chemical species due to chemical reactions,is eval-
uated using chemical kinetics. Details of Eq. (13) are provided in
Ref. 28.

Numerical Methods
Modi� ed Runge–Kutta Scheme

The MGD equations are solved using a four-stage modi� ed
Runge–Kutta scheme amended with a TVD scheme (RK4TVD) as
follows. For the maximum index in the » direction (IM), the maxi-
mum index in the ´ direction (JM), and the maximum index in the
³ direction (KM):

8i 2 f2; IM ¡ 1g; 8 j 2 f2; JM ¡ 1g

8k 2 f2; KM ¡ 1g; NQ.0/

i; j;k D NQn
i; j;k (14a)
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The four stages are
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The convective and diffusion terms are evaluated using second-
order central � nite differences. The Davis–Yee symmetric second-
orderTVD scheme is implemented.Details of Eq. (14) are provided
in Ref. 28.

Implicit Flux-Vector Splitting

The continuity equation for the chemical species is solved by
an implicit � ux-vector splitting scheme as shown next for the two-
dimensional case:
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When � rst-order � nite differences are used, the � ux-split form of
Eq. (13) for the chemicalauxiliary(CA) matricesCAM, CAP, CBM,
and CBP is
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and the right-hand side (RHS) is as follows:
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This implicit formulation results in a pentadiagonal system, the
solution of which is computationally time consuming. To alleviate
this problem, an approximate factorization is introduced to reduce
the pentadiagonalmatrix systeminto two tridiagonalmatrix systems
for which ef� cient solution procedures exist, as follows:
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Given RHSi; j , Eq. (18) can be solved for 1 NQ0
ci; j , which pro-

vides the RHS of Eq. (19) that is subsequently solved for 1 NQci; j .
Details of the � ux-splitting scheme are provided in Ref. 28.

Loosely Coupled Scheme

Physically,� uiddynamicsandchemicalreactionsare intrinsically
coupled.Thus,solvingbothsystemsof equationssimultaneouslyis a
logical procedure,called the “coupledmethod.” If such an approach
were selected, a modi� cation of the � ux vectors and the � ux Jaco-
bian matrices associatedwith the MGD governingequationswould
be required to account for the mass conservation of the chemical
species. This would result in a large system of equations, and the
system eigenstructure (used in the TVD scheme) would have to be
determined. A simpler and more ef� cient approach, known as the
“looselycoupledmethod,” is to solve the MGD equationsand chem-
istry equations separately in an iterative fashion. The integrationof
the loosely coupled scheme is described by the following steps. (1)
The MGD equations are solved for the conservative variable NQ by
the RK4TVD scheme. At this step, the chemical mass fractions, the
ratio of speci� c heats, and the gas constant of the mixture are held
to their previous values. (2) Based on NQ, the rate of mass change
of chemical species NPWc is evaluated, and Eq. (13) is solved for the
chemical variable NQc. Subsequently,the mixture gas constant is up-
dated. (3) System temperature, that is, translational temperature is
determined using a one-temperature model. (4) Finally, all of the
remaining � ow properties can be updated. Steps 1–4 are repeated
until a convergence criterion is satis� ed.

Validation Cases
To evaluate the performance of the numerical code, several test

cases are considered,forwhicheitheranalyticalsolutionsor numeri-
cal solutionsobtainedwith differentmethodsare available.First, the
solution scheme in the low magnetic Reynolds number formulation
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is validatedforhypersonic� ow overa hemisphere,bycomparisonto
analyticaland numericalsolutionsreportedin the literature.Second,
the accuracy of the scheme in the high magnetic Reynolds formu-
lation is demonstrated by solving the MGD � ow over a cylinder.
Finally, the � nite-rate chemistry model is investigated.

Note that the values of electrical conductivityused in the current
research are selected to achieve similarity with other solutions re-
ported in the literature, for validation purposes. High-temperature
effects on the electrical conductivityhave not been considered.

Hypersonic Flow over A Hemisphere in the Low Magnetic
Reynolds Number Approximation

To validate the scheme in the low magnetic Reynolds number
formulation, the � ow over a hemisphere in the presence of a dipole
located at its center is simulated. In an attempt to reproduce the re-
sults obtained analytically by Bush3 and Coakley and Porter,12 the
following assumptions are imposed. Air is a caloricallyperfect gas,
and the � ow is laminar. The electrical conductivity is set to zero
in the freestream and to a � nite value in the postshock region. The
dipole distribution is speci� ed in the entire domain of computation.
Freestream conditions are used at the in� ow. A zero-order extrapo-
lation scheme is utilized for all primitive variablesat the out� ow. At
the solid surface, the slip velocity condition, zero normal gradient
of the sum of static and magnetic pressures, and zero normal tem-
perature gradient are enforced. For the purpose of comparison with
Poggie and Gaitonde’s solutions,15 computationsare performed for
a freestream Mach number Mref D 5 and magnetic Reynolds num-
ber Rem ref D 0:01. The computationalmesh is shown in Fig. 1, and
selected magnetic � eld lines of dipole are shown in Fig. 2. The ap-
plication of a strong magnetic � eld leads to an increase in the shock
standoff distance, as shown in Fig. 3. The comparison of the shock
standoff distance of the present simulation with other investiga-
tors’ results, extracted from Ref. 15, is shown in Fig. 4. The present
computationscoincidealmost perfectlywith Poggie and Gaitonde’s
predictions.Both Bush’s theory3 and Coakley and Porter’s12 results
underestimate the shock standoffdistance;however, the predictions
of the latter are closer to the numerical solutions. The relative er-

Fig. 1 Mesh for the hemisphere
consisting of 50 £ £ 50 £ £ 50 grid
points (cutaway plot).

Fig. 2 Imposed dipolar magnetic � eld on
the hemisphere.

Fig. 3 Effect ofmagnetic� eld onthepressure � eld over the hemisphere
for Mref = 5, Rem ref = 0.01, and ° = 1.4.

Fig. 4 Effect of applied mag-
netic � eld on shock standoff dis-
tance, ° = 1.4.

Fig. 5 Effect of applied mag-
netic � eld onthe stagnationpoint
velocity gradient, ° = 1.4.

ror between Bush’s solution3 and the present numerical simulation
increases from 13% for Qref D 0 up to 27% for Qref D 6, where
Q D ¾e B2 L=½U . Poggie and Gaitonde15 attributethe differenceob-
served between the numerical simulations and Bush’s solution3 to
the constant-density theory on which the latter solution is based.
In this theory, the hypersonic shock layer near the body nose is as-
sumed incompressible because the Mach number in this region is
low. Such an approximation is not well veri� ed, and it is not im-
plemented in the present numerical algorithm. Nevertheless, this
theory provides reasonableresults in the case of large shock density
ratios. In the absenceof an applied electric � eld, the magnetic force
has a decelerating effect. The reduction in the stagnation-pointve-
locity gradient is shown in Fig. 5. The current numerical solution
falls between the valuespredictedby Bush’s theory3 and Poggie and
Gaitonde’s solution.15 However, an excellentagreement in the trend
is obtained.

The present computations were conducted for a density ratio of
½2=½1 ¼ 5. Now, a ratio of speci� c heats of 1.2 is selected, which
leads to a density ratio of ½2=½1 ¼ 7:9. The shock standoff distance
computed in this condition is presented in Fig. 6. Again, the present
numerical solution matches almost exactly Poggie and Gaitonde’s
solution15 and is also in relative agreement with Bush’s theory.3

(Relative error between Bush’s solution and the present numerical
simulation is 9% for Qref D 0 and 23% for Qref D 6.)
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Fig. 6 Effect of applied mag-
netic � eld on shock standoff dis-
tance, ° = 1.2.

Fig. 7 Mesh for the cylinder
consisting of 100 £ £ 100 £ £ 3 grid
points.

Hypersonic Flow over a Cylinder in the High Magnetic
Reynolds Number Formulation

The performanceof the scheme in the solutionof the MGD equa-
tions expressed in the high Reynolds number formulation is inves-
tigated for hypersonic � ow over a circular cylinder–wedge body.
For the purpose of validation, the setup of the present problem is
chosen to mimic Gaitonde and Poggie’s simulations.19 A magnetic
� eld oriented in the z direction is imposed uniformly at the body
surface,and no electric � eld is applied.The freestreamvelocityvec-
tor points in the positive x direction. Because the MGD � ow� eld
is expected to be symmetrical about the (x , z) plane, computations
are performed in the half-plane (x; y ¸ 0) for ef� ciency purposes.
Figure 7 shows the mesh consisting of 100 £ 100 £ 3 grid points.

For symmetry about the x axis, re� exive boundary conditions
along the i D 1 line (which is just below the x axis) are speci� ed.
Freestream conditions and zero magnetic � eld are speci� ed at the
in� ow. Zero-order extrapolation for all primitive variables is used
for the out� ow. At the solid surface, the slip velocitycondition,zero
normal gradient of the sum of static and magnetic pressures, zero
normal temperature gradient, and uniform value of magnetic � eld
are speci� ed.

Note that the present case skirts the issue of numerically induced
nonzerodivergenceof magnetic � eld. Indeed, for a two-dimensional
� ow, a magnetic � eld orthogonal to the plane of the � ow is math-
ematically divergence free. Note that a � xed strength of magnetic
� eld is assumed at the body surface. In reality, the magnetic induc-
tion at the surface would modify the imposed � eld as � rst pointed
out by Porter and Cambel.29 This phenomenon is not addressed in
this investigation.

The effect of the magnetic pressure number Rb ref.Rb D
B2=½¹eU 2/ is numerically investigated,for a Mach number Mref D
16 and a magnetic Reynolds number Rem ref D 12:5. The pressure
� eld in the presenceand absenceofmagnetic � eld is shown in Fig. 8.
As expected, the shock wave moves upstream as the applied mag-
netic � eld is increased.For the magnetic case, the inclined contours
lines at the body surface suggest that the normal gradient of static
pressure is not zero, as it is for the nonmagneticcase.The pro� les of
static pressure along the stagnation streamline, presented in Fig. 9,
con� rm that the normal static pressure gradient is indeed not zero if

Fig. 8 Effect of magnetic � eld on the � ow over the cylinder; pressure
contours for Mref = 16 and Rem ref = 12.5.

a) Static pressure

b) Temperature

Fig. 9 Effect of magnetic � eld on the � ow over the cylinder; pro� les of
static pressure and temperature along the stagnation streamline: ——,
present computation;– – –, Gaitonde–Poggie19; ¨, analytical; , without
joule heating; ¦, Rb ref = 0.0; ¤, Rb ref = 0.1; , Rb ref = 0.5; and M, Rb ref =
1.0.

a magnetic � eld is applied at the wall. It is also observed that surface
pressure decreases with increasing magnetic � eld. Comparison of
the present simulation with solution reported in Ref. 19 shows good
agreement. Because of the use of a relatively � ne mesh, the present
simulation yields a superior resolution of the shock wave. For the
case Rb ref D 1:0, the magnetic � eld is attenuated at the shoulder to
prevent the occurrence of negative static pressure. In the current
investigation, the applied magnetic � eld at the surface is decreased
linearly to zero in the streamwise direction from µ D 63:5 to 90 deg,
which may differ from the attenuation used in Ref. 19. This would
explain the discrepancy in the shock standoff distance. However,
pressure compares well. As a reference, Billig’s correlation30 for
the shock standoff distance in the absence of magnetic � eld is also
provided,which shows excellentagreementwith the numericalsim-
ulations. Figure 9b shows the variation of temperature along the
stagnation streamline. The magnetic � eld, imposed at the body sur-
face, tends to reduce the surface temperature, although a rise in
temperature occurs in a region near the body surface, due to the
joule dissipation. For comparison purpose, the temperature pro� le
without jouleheating is also providedfor the case Rb ref D 0:5. When
joule heating is omitted, no peak in temperature occurs. It is also
observed that the shock standoff is dramatically reduced. Figure 10
shows the variationof totalpressurealong the stagnationstreamline.
The total pressure is de� ned as the sum of the static, dynamic, and
magnetic pressures. The present results compare well with those
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Fig. 10 Effect of magnetic
� eld on the � ow over the cylin-
der; pro� les of total pressure
along the stagnation stream-
line: ——, present computa-
tion; – – –, Gaitonde–

Poggie19; ¦, Rb ref = 0.0; ¤,
Rb ref = 0.1; , Rb ref = 0.5; and
M, Rb ref = 1.0.

a) Pressure � eld

b) Axial magnetic � eld

Fig. 11 Effect ofmagneticReynolds number on the � ow over the cylin-
der; pressure and magnetic � eld contours for Mref = 16 and Rb ref = 0.5.

reported in Ref. 19. Although static pressure decreases with mag-
netic � eld, no clear effect on the total pressure is observed, which
suggests no reduction in wave drag.

The effect of magnetic diffusion is now examined by varying the
magnetic Reynolds number Rem ref for a Mach number Mref D 16
and a magnetic pressure number Rb ref D 0:5. Values of Reynolds
number Rem ref are varied via the electrical conductivity. Note that
this seriesof experimentsis conductedwith the full MGD equations,
which prohibits the use of zero or very small values of Reynolds
number Rem ref . For a magnetic Reynolds number equal to zero, that
is, for perfectlyelectricalinsulating� uid, no magnetic interactionis
expected.Figure 11 shows the effect of the magneticReynoldsnum-
ber on the pressure � eld and the magnetic � eld. The shock standoff
distance is greatly affected by the magnetic Reynolds number: The
higher the magnetic Reynolds number is, the closer the shock wave
to the body. Figure 11b provides some clues to better understand
this phenomenon. As the magnetic Reynolds number is increased,
the magnetic � eld permeates the � uid less and less freely. Eventu-
ally, for the perfectlyconducting� uid, that is, for Rem ref » C1, the
magnetic � eld is rigidly coupled with the � ow and is convected by
� uid particles.

The variation of selected � ow variables along the stagnation
streamline is presented in Fig. 12. For � nite nonzero magnetic
Reynolds number, the � ow undergoes a smooth expansion in the
postshock region. In contrast, for in� nite magnetic Reynolds num-
ber, a relatively sharp expansion is observed near the body surface.
Temperatureis also greatly affecteddue to joule heating.The higher
the magnetic Reynolds number is, the lower the peak in temperature
near the body surface.Theoretically,for in� nite magnetic Reynolds
number, the magnetic � eld is trapped at the surface, where it is im-
posed. However, because of the arti� cial viscosity inherent in the
numerical scheme and because of the mesh de� nition, the mag-

Static pressure

Temperature

Axial magnetic � eld

Fig. 12 Effect of magnetic Reynolds number on the � ow over the
cylinder; pro� les of static pressure, temperature, and axial magnetic
� eld along the stagnation streamline: ¦, nonmagnetic;¨, analytical; ¤,
Rem ref = 6.25; , Rem ref = 12.50; and M, Rem ref = + 1 .

netic � eld is slightly smeared at the surface. Nonetheless, the mag-
netic � eld is con� ned at the body surface,where its interactionwith
the � uid is maximal.

Hypersonic Chemistry for Flow over a Cylinder

In this series of numerical experiments, high-temperatureeffects
on hypersonic � ow over a circular cylinder–wedge are explored at
various altitudes and Mach numbers. The setup of this problem is
the same as in the preceding section, except that the magnetic � eld
applied at the body surface is not uniform, but follows the relation
Bz D B0 cos µ , where µ is the angle between the x axis and a point
on the body surface and B0 is the magnetic � eld strength at the
stagnation point. To reduce computation time, a two-dimensional
version of the numerical code is utilized with the mesh shown in
Fig. 13. For initializationof nonequilibriumsimulations,frozen� ow
computations are performed until a transient detached shock wave
forms in front of the body. Subsequently,the nonequilibriummodel
is switchedon. Nondissociatedair (23.5%of O2 and 76.5% of N2) is
considered for the speci� cation of initial mass fractions. The wall
is assumed noncatalytic.

To validate of the � nite-rate chemistry model, a Mach 18 � ow, at
an altitude of 30 km is computed and compared to the solution in
chemicalequilibrium.Under suchconditions,the � ow is expectedto
be roughly in chemical equilibrium in the postshock region, where
density and temperatureare high. Figure 14 compares selected � ow
variablesalong the stagnationstreamline in various chemical states.
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Fig. 13 Mesh for simulation of
high-temperature effects on the
� ow over the cylinder, consisting of
60 £ £ 80 grid points.

Density

Pressure

Temperature

Ratio of speci� c heats

Fig. 14 Comparison of chemical models for � ow over the cylinder for
Mref = 18 and Rem ref = 12.5, at an altitude of 30 km; � ow variables along
the stagnation streamline: – – –, Rb ref = 0; ——, Rb ref = 0.5; ¦, frozen;
¤, equilibrium; and , nonequilibrium.

The frozen � ow model yields values of density and temperature,
which are off by a factor of two compared to the chemically re-
acting � ow values. All models predict a similar level of postshock
pressure.As expected,under the current conditions,the equilibrium
and nonequilibriummodels lead to nearly identical solutions.How-
ever, the small peak in temperature immediately downstreamof the
shock wave reveals that nonequilibriumfeatures are still present in
the � ow. As a result, the shock standoff distance in nonequilibrium
is slightly larger than in equilibrium.

Figure 15 shows the relativevariationsof the chemicalmass frac-
tions with distancealong the stagnationstreamline.In the postshock
region, diatomics O2 and N2 dissociate, the dissociation of O2 be-
ing the most important. As expected, the mass fractions of O and
N increase, rising from their frozen � ow values (essentially zero)
ahead of the shock wave and tending to their equilibrium values
farther downstream. For the nonmagnetic case, in which the post-
shock � ow variables (density, pressure, temperature, etc.) are quasi
uniformalong the stagnationstreamline,nonequilibriummass frac-
tions of all chemical species,except nitric oxide NO, range between
the two extremes of frozen and equilibrium values. For the mag-
netic case, the species mass fractions may exceed the two extremes
of frozen and equilibriumvalues. For instance, in the region of con-

Fig. 15 Relative distribution of chemical mass fractions along the
stagnation streamline in chemical nonequilibrium for Mref = 18 and
Rem ref = 12.5, at an altitude of 30 km.

Fig. 16 Effect of altitudeon the � ow over the cylinderat Mach14; tem-
perature along the stagnation streamline in chemical nonequilibrium.

siderable joule heating, a larger amount of O2 and N2 is dissociated,
compared to the nonmagnetic case.

The NO overshoot observed immediately downstream of the
shock wave may be explained based on the arguments reported in
Refs. 31 and 32 as follows. Downstream of the shock wave, di-
atomics O2 and N2 dissociate,which releasesO atoms and N atoms.
The production of O atoms triggers the NO exchange reactions
O C N2 *) N C NO and N C O2 *) O C NO. These reactions are ex-
tremelyfast, and they rapidlylead to a localequilibriumexpressedas
O2 C N2 *) 2NO. The net effect of these two reactions is to convert
N2 and O2 into NO. Because the reactionsare very fast, an excess of
NO is produced immediatelydownstreamof the shock wave, where
there is plenty of O2 and N2. As O2 continues to dissociate (farther
downstream of the shock wave), the shuf� e reactions are reversed,
and nitric oxide NO is reduced toward its � nal value by this means
as well as by direct dissociation.

As a measure of validationof the present effort, equilibriummass
fractions computedbehind a normal shock wave by GASEQ, a pro-
gram based on a NASA algorithm,33 are provided, which show a
good agreement with the current solution at the stagnation point.
Indeed, along the stagnation streamline, a � uid element is deceler-
ated and comes to a stop at the stagnation point, where chemical
reactions have time to reach equilibrium.

The effect of altitude on the � ow structure and chemical com-
position is investigated by changing the � ow properties (pressure,
density, temperature, etc.) according to the U.S. standard atmo-
sphere model. Altitude is varied in the range 30–70 km with all
reference similarity parameters set as Mref D 14, Rb ref D 0:5, and
Rem ref D 12:5.

Figure 16 shows the temperature pro� les along the stagnation
streamline at various altitudes. The peak immediately downstream
of the shock wave, which becomes more pronounced as altitude is
increased, reveals a region of nonequilibrium.Roughly speaking,at
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Fig. 17 Effect of Mach number on the � ow over the cylinder at an alti-
tude of 30 km; temperature along the stagnationstreamline in chemical
nonequilibrium.

low altitudes, near chemical equilibrium exists, whereas, at higher
altitudes, nonequilibriumphenomena dominate the � ow� eld.

Next, the effect of Mach number on the solution is consid-
ered. To isolate the effect of this parameter, altitude is � xed at
30 km, and magnetic similarity parameters are set to Rb ref D 0:5
and Rem ref D 12:5. Figure 17 shows the temperature pro� les along
the stagnation streamline at various Mach numbers. At a given al-
titude, the postshock temperature increases with the Mach number,
which enhances the chemicalkinetics.The higher the Mach number
is, the faster the � ow approacheschemical equilibrium.However, at
a given altitude, higher Mach number translates into higher veloc-
ity. If the � uid particles cross the shock wave in a time smaller than
the time required for the chemical reactions, the � ow immediately
behind the shock wave is in chemical nonequilibrium, as revealed
by the peak in temperature, observed for all Mach numbers.

Conclusions
Numerical studies of hypersonic � ows over blunt bodies were

carried out to investigate the possibility of magnetic � ow control.
The numerical scheme selected for the solution of the governing
equationsof MGD is a four-stagemodi� ed Runge–Kutta with TVD
limiters. The � ow over a hemisphere was investigated in the low
magnetic Reynolds number approximation,with an imposed dipole
� eld. Simulations show that the applicationof magnetic � eld slows
down the � owin theconductiveshock layerandconsequentlycauses
the shock wave to move away upstream from the blunt body. The
shock standoff distance predicted in the present simulation coin-
cides perfectly with another numerical solution reported in litera-
ture. Bush’s analysis3 tends to underpredict the standoff distance,
but it becomes more accurate for higher shock density ratios. Invis-
cid, resistive � ow over a circular cylinder has been computed using
the full MGD equations. Good agreement with the existing numer-
ical solutions has been obtained. Increase in the shock distance and
reductionin the surfacepressurewith increasingmagnetic � eld have
been observed.However, no change in total pressure is noticed, thus
suggesting no change in wave drag. The magnetic Reynolds num-
ber has a great impact on the � ow structure. For a resistive � uid,
the � ow does not exhibit radically new features. On the other hand,
for ideal conducting � uid, secondarywaves correspondingto sharp
expansions are detected near the body surface, where the magnetic
� eld is con� ned.

Inclusionof chemistryeffectsin the simulationof hypersonic� ow
results in higher density ratio, lower temperature ratio across the
shock wave, and reduced shock standoff distance. The effect on the
postshock pressure is minimal. At low altitudes, the � ow is mostly
in chemicalequilibrium,althoughsmall nonequilibriumregionsex-
ist immediately downstreamof the shock wave. At higher altitudes,
nonequilibrium phenomena dominate the � ow� eld. At a given al-
titude, thermal dissociations are enhanced with increasing Mach
number. The applicationof a magnetic � eld has a signi� cant impact
on the chemical kinetics. In particular, the joule heating enhances
thermal dissociation of air. This investigation illustrates the impor-

tanceof high- temperatureeffectson hypersonicMGD and allows to
infer the necessity of implementing accurate thermochemicalmod-
els for the prediction of heat transfer in a full viscous simulation.
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