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Abstract

Magnetohydrodynamic (MHD) thermal protection provides an active means of modifying the shock-layer struc-
ture during hypersonic entry. To account for rarefaction effects and real-gas nonequilibrium in weakly ionized
air, a finite-volume method coupling the multicomponent nonlinear coupled constitutive relation (NCCR) with
MHD source terms is developed under the low-magnetic-Reynolds-number approximation. The NCCR model
replaces the conventional Navier—Stokes—Fourier linear closure for stress and heat flux, while Park’s two-
temperature model and an 11-species finite-rate air mechanism describe thermochemical nonequilibrium. The
electromagnetic coupling is introduced through the scalar electric-potential equation, Ohm’s law, Lorentz-force
source terms, and electromagnetic work. The solver is assessed using OREX reference data, for which the
pressure field and stagnation-line temperature profiles agree well with the reported results. The method is then
applied to MHD thermal protection of the RAM-C Il configuration, with emphasis on the effects of stagnation-
point magnetic flux density By and flight altitude H. At H = 50 km and M., = 20, increasing By from 0to 2.5 T
increases the bow-shock standoff distance to 12.65 times the zero-field value and reduces the stagnation-point
heat flux by 38.01%. The heat-flux reduction is accompanied by increased shoulder heating, indicating that
reattachment heating limits the benefit of further increasing magnetic flux density. For By = 1 T, the stagnation-
point heat-flux reduction increases with altitude, from 0.05% at 30 km to 67.86% at 70 km. These results
show that MHD thermal-protection performance is governed not only by magnetic-field strength, but also by
shock-layer ionization, current localization, and heat-load redistribution over the forebody.

Keywords: Hypersonic flow; Rarefied flow; Weakly ionized plasma; MHD thermal protection; Nonlinear cou-
pled constitutive relations

1. Introduction

During hypersonic atmospheric reentry, a substantial fraction of the freestream kinetic energy is
deposited in the detached shock layer ahead of the vehicle, producing a steep rise in post-shock
temperature. The resulting aerothermodynamic environment involves vibrational excitation, molecu-
lar dissociation, partial ionization, strong transport-property variations, and intense wall heat trans-
fer [1-3]. Classical stagnation-point theory shows that the stagnation-point heat flux is sensitive to
boundary-layer transport, wall catalysis, and high-temperature chemistry [4]. For high-enthalpy entry,
the thermal-protection problem is therefore coupled to the shock-layer structure, including the bow-
shock standoff distance, thermochemical relaxation, ionization level, and transport fluxes between
the shock and the wall.

Current thermal protection systems (TPS) for high-speed vehicles rely mainly on passive approaches,
such as ablative protection, reusable insulation, high-temperature structural materials, and surface-
catalysis control. Passive thermal protection is reliable, but once the vehicle geometry, reentry tra-
jectory, and material system are fixed, its response to the entry thermal environment is largely pre-
scribed. Active thermal protection instead modifies the near-wall flow structure and, in turn, the
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aerothermal environment. It acts on the shock-layer structure and near-wall transport before the
high-temperature post-shock gas reaches the wall. A typical example is counterflow injection, which
pushes the bow shock away from the vehicle surface and thereby reduces aerodynamic heating at
the wall [5]. Under high-enthalpy reentry conditions, the high-temperature air behind the detached
shock may become weakly ionized and exhibit finite electrical conductivity, allowing an imposed elec-
tromagnetic field to act directly on the shock-layer gas. Magnetohydrodynamic (MHD) thermal protec-
tion uses an applied magnetic field to act on this high-temperature ionized air; the resulting Lorentz
force modifies the flow structure and reduces aerodynamic heating on the vehicle surface.

At the flow-physics level, MHD thermal protection relies on the finite electrical conductivity of the
shock layer. The imposed magnetic field induces a current through the motional electromotive term,
and the resulting Lorentz force extracts momentum from the conducting post-shock gas. The bow
shock is displaced upstream, the residence time and thermochemical relaxation path are altered,
and part of the heat-transfer route to the wall is redistributed. This mechanism traces back to Bush’s
blunt-body analysis and was later examined in hypersonic MHD simulations and OREX reentry calcu-
lations, where the heat-flux reduction was found to depend strongly on natural ionization and current
generation in the shock layer [6—-8]. Recent studies have extended the problem to ablating surfaces,
expansion-tube measurements, imposed-field modeling, reduced stagnation-line descriptions, high-
enthalpy shock-wave/boundary-layer interaction, planetary-entry configurations, magnetic shielding,
and laboratory plasma manipulation [9-16]. A recurring conclusion is that magnetic-field strength
alone is an incomplete design parameter. The effective response is set by the spatial overlap among
electron number density n,, electrical conductivity o, induced current density J, and the magnetic
field, together with the redistribution of Lorentz-force work, Joule heating, and wall heat flux.

In addition, rarefaction and nonequilibrium effects cannot be neglected during high-altitude, high-
Mach-number flight. Within the shock layer, some regions may remain close to the continuum
regime, whereas others exhibit large gradients, elevated local Knudsen numbers, and clear depar-
tures from translational, vibrational, and chemical equilibrium [17,18]. The direct simulation Monte
Carlo (DSMC) method introduced by Bird can accurately describe rarefied nonequilibrium flows,
but it becomes computationally inefficient for multidimensional reacting MHD flows near the con-
tinuum limit. The nonlinear coupled constitutive relation (NCCR), developed by Eu, Myong, and
co-workers, is derived from generalized hydrodynamics and thermodynamically consistent moment
closure. It provides an extension within the continuum framework, reduces to the Navier—Stokes—
Fourier (NSF) equations near thermodynamic equilibrium, and improves the description of rarefied
hypersonic nonequilibrium flows [19-25]. Coupling the NCCR transport model with ionized-air chem-
istry and the reduced Maxwell equations gives a unified numerical framework for examining how
nonequilibrium transport affects MHD heat-flux mitigation.

In this work, an NCCR-MHD solver is developed for hypersonic weakly ionized air plasma flows and
applied to the MHD thermal protection of a blunt reentry body. The study clarifies the underlying
control mechanism, including the coupled response among shock displacement, two-temperature
thermochemistry, n, redistribution, J localization, Lorentz-force braking, Joule heating, and wall heat
flux. The main contributions are as follows:

1. A multicomponent NCCR-MHD formulation is established for chemically reacting, thermally
nonequilibrium, weakly ionized air under the low-magnetic-Reynolds-number approximation.

2. A finite-volume coupling procedure is developed for the gas dynamics, local NCCR closure,
finite-rate chemistry, o evaluation, electric-potential solution, J x B forcing, and electromagnetic
energy deposition.

3. The OREX case of Fujino and Ishikawa [8] is used for verification; RAM-C Il parametric com-
putations are then performed over By and H.

4. The RAM-C Il results identify how By and H set the bow-shock standoff, stagnation-point heat-
flux reduction, J localization, and shoulder heat-load redistribution.

Section 2 presents the governing equations and physical models. Section 3 describes the coupled
algorithm. Section 4 presents the OREX assessment. Section 5 gives the RAM-C Il results and

2



NUMERICAL SIMULATION OF HYPERSONIC PLASMA FLOW BASED ON NONLINEAR COUPLED CONSTITUTIVE RELATIONS

discussion, including the effects of stagnation-point magnetic flux density By and flight altitude H.
Section 6 summarizes the main findings.

2. Governing Equations

2.1 Multicomponent NCCR-MHD system

The reacting gas is represented with Park’s 11-species finite-rate air chemistry model, including N5,
0,,NO, N, O,N,*, 0,7, NO", N*, O", and e~. Thermal nonequilibrium is described using Park’s two-
temperature model: the translational-rotational energy mode is assigned the temperature 7;, while
vibrational energy, electronic excitation, and free-electron energy share the temperature T, [3, 26].
With these definitions, the conservation equations are written in the compact form

aa[tj_|_V.Fc+V_Fn:Schem+Sem, (1)
where
p pu
pu c puu
U — 5 F = , 2
PE (PE +p)u @
Pi piu
and the NCCR transport flux is
_ 0 -
N;
Y (I +Ad)
F'=1y (3)

(Hi—i-A,'I) -u+Q
1
L Ji |
Here p, u, p, and E denote mixture density, velocity, pressure, and total energy per unit mass, re-
spectively. The variables IT;, A;, and Q are the NCCR shear stress, excess normal stress, and total
heat flux. Species diffusion is approximated by

Ji=—pD.;Vci, (4)

where D, ; is the effective diffusion coefficient and ¢; is the species mass concentration. The source
terms are

0 0

0 JxB
Schem — Sem —

w; 0

Transport coefficients and mixture thermophysical properties are calculated with empirical corre-
lations and mixture rules commonly used for multicomponent high-temperature air [27-29]. The
species production rates @; are supplied by the finite-rate chemistry model, and Q,, represents ther-
mochemical energy exchange together with vibrational-electronic energy relaxation [3,30]. The elec-
tromagnetic field acts on the flow equations mainly through the Lorentz force J x B and the elec-
tromagnetic work J-E. In a local reference frame moving with the gas, the Joule-heating term is
expressed as

0;=J-(E4+uxB), (6)

and the sum of mechanical work by the Lorentz force and rest-frame Joule heating is consistent with
the total energy source in Eq. (5).
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2.2 NCCR closure

In the NSF equations, stress and heat flux are determined from linear relations with the strain-rate
tensor and temperature gradient, respectively. The NCCR model abandons this local linear closure
and instead employs an algebraic nonlinear closure derived from generalized hydrodynamics and
moment methods [19-22]. For individual species or the mixture as a whole, the nonequilibrium flux
vector
W; = (I1;,A;, Qi) (7)
is obtained from
X (Wi;Vu, VT, T,,p;) = 0. (8)

The residual Z; represents the coupled dependence of shear stress, excess normal stress, and heat
flux on deformation and dissipation. Near local equilibrium it reduces to

N
IL; — —2u,S®, A; — —n;V - u, Q— —AVT + ) hiji, (9)
i=1

where S denotes the traceless symmetric part of the velocity-gradient tensor; u;, n;, A, and h; are
the shear viscosity, bulk viscosity, thermal conductivity, and species enthalpy, respectively. Under
nonequilibrium conditions, the nonlinear dissipation factor in %; suppresses the sustained growth of
stress and heat flux, while coupling shear deformation, compression, and heat transfer. Equation (8)
is solved independently in each control volume by a fixed-point iteration initialized with the NSF values
from Eq. (9); once the iteration has converged, the resulting fluxes are substituted into Eq. (3).

2.3 Electromagnetic model

Under the low-magnetic-Reynolds-number approximation, the induced magnetic field is neglected
relative to the imposed field for the present weakly ionized hypersonic flow, as commonly adopted in
reentry MHD thermal protection calculations [8,9,31]. The reduced electrodynamic model reads

V.-J=0, E=-V¢, (10)
where ¢ is the scalar electric potential. The generalized Ohm’s law is written as
J+BJIxb=c(E+uxB), (11)

where o is the electrical conductivity, f, is the electron Hall parameter, and b =B/ |B|. When the Hall
effect is neglected, Eq. (11) reduces to

J=0(-V¢+uxB). (12)
Substitution into current conservation yields the electric-potential equation
V.-[o(-V¢+uxB)|=0. (13)

For an insulating wall, the normal current vanishes, J-n = 0. A zero-gradient condition is imposed
for ¢ at the symmetry axis, and one reference potential is specified to remove the arbitrary constant.
After Eq. (13) is solved, E, J, J x B, and Q; are reconstructed and passed to the gas-dynamic update.
The imposed magnetic field is prescribed as a dipole. For the RAM-C |l cases, the field is

2
B :Bo% [(cos® 6 —sin”6) e, +sin(26)e,] , (14)

where By is the stagnation-point magnetic flux density, R, is the body radius, and (r,6) denotes the
local polar coordinate.
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3. Coupled Solution Procedure

The NCCR-MHD equations are solved using a density-based finite-volume method within the shock-
capturing framework commonly adopted for compressible high-speed flows [32-34]. The inviscid
fluxes are evaluated with an upwind discretization, while the NCCR transport terms and species
diffusion terms are discretized using second-order central differences. The numerical stiffness of
the coupled system arises primarily from the strong interdependence among gas dynamics, thermo-
chemistry, transport closure, and electromagnetic effects. In particular, the local flow state determines
T;, T,, species composition, n., and o, which in turn govern J and J x B. Lorentz forcing and Joule
heating then enter the momentum and total energy equations and modify the shock location and the
degree of thermal nonequilibrium. The NCCR closure is treated within the same coupled solution
procedure, since the stress tensor and heat flux depend on local gradients altered by magnetic-field
interaction.

The semi-discrete finite-volume equation in cell Q; is written as

d c n chem em
& (9,U)) + R(U) + R (U, W) = Q; [$7"(U) +87(U, )] (15)
where R¢ is the convective residual, R’; contains NCCR stress, NCCR heat flux, and species diffusion,
and W = (IT,A,Q) denotes the nonequilibrium constitutive variables. The electromagnetic source
depends on the electric potential through

0
F,
Q@m ’
0

8" = F,=JxB,  Qum=1JE. (16)

J
A Picard-type sub-iteration is used at each pseudo-time level. The fixed-point map is
U = (W61 ) = 9 — (3O, K, 06)) - U+, (17)

where s is the coupling sub-iteration index. This arrangement preserves a modular electromagnetic
solve while retaining repeated feedback between the MHD source terms and the NCCR gas-dynamic
update.

3.1  NCCR update inside the coupling loop

At the beginning of a coupling sub-iteration, primitive variables are reconstructed from U®). Mixture
pressure p, T;, T,, species mass fractions, chemical source terms, transport coefficients, n., and o
are updated. Cellwise velocity and 7; gradients provide the input for the local nonlinear constitutive
problem

7, (W vul, VI pl9, 70) =0, (18)

where m is the local NCCR iteration counter. The NSF stress and heat flux are used as the initial
guess. A relaxed fixed-point update is applied,

WD = (1 o)W + oy, (Wﬁ’")) : (19)

l

where ¥; is the algebraic NCCR update operator and ay is a relaxation factor. The local solve stops
when

1 1

Hw(m—&-l) . W(m)

< &y (20)

e

The converged II;, A;, and Q; are used to assemble R’. Because this operation is local to each
control volume, the global gas-dynamic matrix remains close to that of the NSF solver.
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3.2 Electromagnetic update
During the electromagnetic sub-step, *) and u'®) are held fixed, giving the potential equation

v. (o<S>v¢<S>) —v. [c@ (u<S> x B)] . 1)

The variable-coefficient elliptic equation is solved with J-n = 0 at the insulating wall. The electric field
E and current density J are then reconstructed as

EO = o), J0 =0l (Vo) +ul) xB). (22)

If the Hall effect is retained, Eq. (22) is replaced by the tensor form obtained from Eq. (11). The
scalar-conductivity form is used here for robustness and for consistency with the reference OREX
setup. Cell-centered J x B and the electromagnetic energy source are evaluated from Eq. (16).

3.3 Gas-dynamic update and strong coupling
The conservative variables are advanced by solving

Qj aR; c n chem em

where At is the local pseudo-time step. The NCCR residual and electromagnetic source terms are
treated explicitly within each coupling sub-iteration and updated repeatedly. Strong-field cases use
an under-relaxed source update,

S8 (1—ap)SU Y + oSG, (24)

with 0 < ay; < 1. This relaxation suppresses abrupt J x B variations in cells where o changes rapidly
with T;, T, and n,.

The coupling sequence follows the modular treatment often used in nonequilibrium ionized-flow sim-
ulations with electromagnetic fields [31]:

1. Given U”, set U) = U" and initialize the electromagnetic source from the previous pseudo-time
step.

2. From UY), update p, 7;, T,, Y;, transport coefficients, reaction rates, n,, and . Positivity of den-
sity, temperature, and species mass fraction is enforced before chemical and electromagnetic
properties are evaluated.

3. Solve the local NCCR closure in every cell using Egs. (18)—(20). Assemble the NCCR stress,
excess normal stress, heat flux, and species diffusion contributions to R;!.

4. Solve the variable-coefficient potential equation, Eq. (21). Reconstruct E and J, and compute
JxBandJ-E.

5. Assemble Eq. (23) and advance the gas-dynamic variables. The updated velocity, 7;, and T,
modify u x B, o, and NCCR fluxes in the next sub-iteration.

6. Correct the species mass fractions so that };¥; = 1, update the two-temperature energy ex-
change, and recompute mixture thermodynamics.

7. Repeat steps 2—6 until the coupled change satisfies

L P i
max , , < Ec.
[Oo e [o0] ey ' WO+

(25)

Physically, the NCCR gas-dynamic solver provides the shock-layer flow gradients and nonequilib-
rium transport fluxes; the thermochemical state determines n, and o. The electromagnetic solver
computes J driven by —V¢ +u x B. The Lorentz force, J x B, decelerates the conducting post-shock
plasma and changes the bow-shock standoff distance; Joule heating feeds back into the total energy
and 7, equations. Replacing the local NCCR iteration with the constitutive relation in Eq. (9) reduces
the model to an NSF-MHD solver, which serves as a reference for separating rarefaction effects from
purely electromagnetic coupling effects.
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4. Validation Case

The method is first validated using the OREX configuration at H = 59.6 km, with comparison against
the numerical MHD flow control results of Fujino and Ishikawa [8]. Fig. 1 shows the computational
geometry, boundary conditions, and stagnation-line temperature distributions. This case is used to
examine whether, before the RAM-C Il parametric study, the coupled solver can reasonably predict
the shock-layer thermal nonequilibrium and pressure response produced by the imposed magnetic
field.
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(a) Geometry and boundary conditions. (b) Stagnation-line temperatures.

Figure 1 — OREX validation case used for assessing the NCCR-MHD solver.

The pressure contours in Fig. 2 agree well with the reference calculation in the compressed forebody
region and in the overall pressure distribution. Together with the stagnation-line temperature profiles,
this comparison shows that the present solver captures the main gas-dynamic response induced by
the electromagnetic source term, supporting its use in the subsequent analysis of shock displacement
and thermal loading.

(C)B=05T

r(m)

9500

(a) Reference result [8]. (b) Present NCCR-MHD simulation.

Figure 2 — Pressure contours for the OREX case at H =59.6 kmand Bp =0.5T.

5. Results and Discussion

All application cases use the RAM-C II axisymmetric blunt sphere-cone shown in Fig. 3. Unless
otherwise stated, the thermochemical gas model is Park’s two-temperature model with an 11-species
finite-rate air chemistry mechanism, and the imposed magnetic field follows the dipole distribution
given in Eq. (14).

Fig. 4 sketches the MHD thermal protection mechanism considered in this study. In the weakly ion-
ized shock layer, the interaction between the imposed magnetic field and the induced current density
J produces the Lorentz force J x B, acting mainly on the post-shock gas ahead of the forebody. This
force extracts axial momentum, pushes the bow shock upstream, modifies the near-wall streamline
pattern, and changes the heat transport path to the wall.

Only two operating parameters are varied in this section: flight altitude H and stagnation-point mag-
netic flux density By. With the vehicle geometry, gas model, and magnetic field topology fixed, their
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RAM-C II
sphere-cone blunt body

nose radius

Rn =0.1524m spherical nose

A
Y

L =1.295m

cases.

Figure 4 — Schematic of the MHD thermal protection mechanism around the RAM-C Il blunt body.

effects on MHD thermal protection and the associated flowfield structure can be examined separately.

5.1 Effect of Stagnation-Point Magnetic Flux Density

The By sweep is performed at fixed freestream conditions, with M., =20 and H = 50 km. As listed in
Table 1, the stagnation-point magnetic flux density By ranges from 0 to 2.5 T. For this set of cases,
the freestream state is unchanged, and By is the primary control parameter.

Table 1 — Computational conditions for the magnetic flux density sweep.

Operating condition Value

Freestream Mach number, M., 20

Flight altitude, H 50 km

Stagnation-point magnetic flux density, By 0,0.5,1.0,1.5,2.0,and 25T

Fig. 5 shows the p, T;, and T, fields for different values of By. The p contours in Fig. 5a show that
the incoming hypersonic flow is compressed by the detached bow shock, forming a high-pressure
region behind the shock. As By increases, this high-pressure region expands upstream and laterally,
giving the magnetic drag-parachute structure commonly observed in blunt-body MHD studies [6, 7].
This behavior is not simply a geometric outward displacement of the shock. The electromagnetic
body force extracts axial momentum from the conducting post-shock plasma, increases the effective
resistance ahead of the vehicle, and distributes the pressure load over a thicker shock layer.

8
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Figure 5 — Two-dimensional pressure and temperature contours for the magnetic flux density sweep
at H =50 km and M., = 20.

The T; and T, fields in Figs. 5b and 5c¢ reveal the thermochemical nonequilibrium process underlying
the pressure response. The peak T; remains close to the bow shock, where the freestream kinetic
energy is first converted into internal modes. By contrast, the 7, field is smoother and shows a
clear spatial lag; finite-rate vibrational relaxation cannot follow the rapid post-shock compression
instantaneously. As the bow shock moves away from the nose, the high-temperature region is also
lifted from the wall. The thicker thermal buffer reduces the wall-normal temperature gradient near the
stagnation line, and the nose heat load decreases accordingly.

Fig. 6 shows the corresponding electromagnetic source terms and identifies the region responsible
for the heat-flux redistribution. The current density J is driven by the motional electric field and the
electric-potential gradient in the conducting post-shock plasma. It is mainly confined to the shock-
layer region where high temperature, electron production, and appreciable ¢ overlap. The Lorentz
force source term J x B has a similar spatial envelope. As B, increases, its magnitude rises markedly
and the active region shifts upstream. The strongest braking occurs behind the detached shock
rather than near the wall. Axial momentum is extracted before the gas reaches the stagnation point,
thickening the shock layer and weakening the near-wall thermal gradient.

The stagnation-line profiles in Fig. 7 show the same trend: the T; jump moves upstream and the
relaxation zone broadens under magnetic interaction. The shock standoff distance increases rapidly
with By. Relative to the zero-field case, the increase is 78.28% at Bp = 0.5 T and reaches 1165.11%
at Bp = 2.5 T, for which the standoff distance is about 12.65 times the baseline value.
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(a) |J], A/m>. (b) |J x B|, N/m3.
Figure 6 — J and J x B contours for different stagnation-point magnetic flux densities at H = 50 km
and M., = 20.
4.6E+6 T T T T T T
! J—— 4.4E+6 Q 012
10000 |~ —_ —=— Ax
L 4.2E+6
—_— F0.10
J— 4.0E+6
8000 |~
i _ 38E+6 - 0.08
| ~\¥ i ) —— . B, Ng 3 ] /é\
@ ook i M% " s 6E+6 =
= L | l' 'l Al S 34E+6 F0.06 &
I
a0l | ' ] 3.2E+6 1 L 0.04
; 3.0E+6
2000 [~ 2.8E+6 - 0.02
2.6E+6
o v ' ! j j ! i 000
055 ) 005 01 0.0 0.5 1.0 1.5 2.0 2.5
X(m) B(T)
(a) Stagnation-line temperatures. (b) Stagnation-point heat flux and shock standoff
distance.

Figure 7 — Stagnation-line thermal response under different magnetic flux densities at H = 50 km
and M., = 20.

The stagnation-point magnetic flux density strongly affects the shock standoff distance, while its influ-
ence on stagnation-point heat flux is more limited. As shown in Fig. 7b, the stagnation-point heat flux
decreases monotonically with By, from 4.384 x 10° W/m? in the zero-field case to 2.718 x 10 W/m?
at Bp = 2.5 T. This corresponds to a 38.01% reduction and is consistent with the saturation behav-
ior discussed by Bityurin and Bocharov [9]. MHD thermal protection performance is not controlled
solely by shock displacement: thermal conduction, diffusive transport, thermochemical relaxation,
and electromagnetic energy deposition remain active within the enlarged shock layer. Magnetic brak-
ing increases the energy-dissipation length scale ahead of the vehicle, while the high-temperature
plasma layer can still conduct and diffuse heat toward the wall.

A reduction in stagnation-point heat flux does not imply a simultaneous decrease of the heat load
over the entire surface. Once the shock layer expands, J x B becomes strongly nonuniform along
the wall and may reorganize the shoulder flow. Fig. 8 compares the local electromagnetic body-force
distribution with the corresponding wall heat flux response.

The conducting post-shock plasma forms a localized J x B region that pushes the bow shock away
from the nose. Near the shoulder, the same electromagnetic force system modifies the stream-
wise pressure gradient. Local deceleration and pressure rise promote boundary-layer separation,
producing a magnetically induced recirculation bubble, as shown in Fig. 8a. The wall heat flux pro-
files in Fig. 8b show the direct consequence of this flow reorganization. As By increases, the nose
heat flux decreases; stronger fields, however, make the shoulder heat flux peak more pronounced.
The magnetic field does not simply suppress convective heating. It redistributes the active regions of
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(a) J x B contours and induced vortex at By =1 T. (b) Wall heat flux distributions under different B.

Figure 8 — Local MHD-induced flow redistribution and the associated wall heat flux response at
H =50 km and M., = 20.

momentum extraction, appreciable o, and electromagnetic energy deposition. Beyond a certain mag-
netic flux density, the additional cooling gained at the nose is partly offset by enhanced reattachment
heating.

The n, contours in Fig. 9 explain the local nature of this feedback. lonization occurs mainly in the high-
temperature post-shock layer. The J and J x B fields peak only where electron-rich gas, the motional
electric field, and the imposed magnetic field overlap in space. The vortex-resolved contours show
that the separated shoulder flow traps part of the conducting plasma and convects it toward the
reattachment region. Downstream of the recirculation bubble, the local o increases, allowing J, Joule
heating, and shear-layer impingement to reinforce one another. This leads to a practical saturation of
MHD thermal protection efficiency: design assessment should consider the integrated forebody heat
load rather than the minimum stagnation-point heat flux alone.

(a) n. contours. (b) n. redistribution around the magnetically induced
vortex.

Figure 9 — n, contours highlighting the coupling between ionization, o, and shoulder-region vortex
transport.

5.2 Effect of Flight Altitude

The altitude sweep uses the same geometry, thermochemical model, and dipole magnetic field defi-
nition. At each altitude listed in Table 2, the zero-field case and the By =1 T case are computed and
compared.

The p fields in Fig. 10 show two altitude-dependent features. Without a magnetic field, the detached
shock remains close to the forebody, and the high-pressure region is mainly confined near the nose.
With By = 1 T, the compressed region expands upstream and laterally; this expansion becomes more

11
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Table 2 — Computational conditions for the altitude sweep.

Operating condition Value

Freestream Mach number, M., 20

Flight altitude, H 30, 40, 50, 60, and 70 km
Stagnation-point magnetic flux density, By 0and1.0T

evident over 50—70 km. Flight altitude changes not only the absolute pressure level, but also the
effective volume over which the electromagnetic body force redistributes momentum within the shock
layer.

H=30km,B=I1T H=40km,B=I1T H=50km,B=1T H=60km,B=IT

Figure 10 — p contours at different altitudes for zero-field and magnetic field cases at M., = 20; the
magnetic field contours use By =1T.

The n, contours in Fig. 11 explain why the magnetic response becomes stronger at higher altitude. At
lower altitude, the electron-rich region is thin and remains mainly close to the bow shock and forebody.
As altitude increases, the shock layer thickens and the ionized region occupies a larger portion of the
layer. Under the action of the magnetic field, the conducting plasma is further lifted from the wall and
stretched along the shock layer. The increased spatial overlap between the region with finite n, and
the imposed magnetic field provides a larger current-carrying medium for Lorentz-force braking. This
trend is consistent with the OREX observation that MHD thermal protection is most effective when
natural shock-layer ionization is sufficient to sustain electric current [8].

H=30km,B=IT

Figure 11 — n, contours at different altitudes for zero-field and magnetic field cases at M.. = 20; the
magnetic field contours use By =1T.

The shock standoff distances in Fig. 12a quantify the above change in flow structure. Without a
magnetic field, the standoff distance remains small and varies only weakly with altitude. With By =1 T,
the magnetic response is still weak over 30—40 km; above about 50 km, the upstream displacement of
the shock becomes much more pronounced. The standoff distance is approximately 0.10 m at 60 km
and increases to about 0.22 m at 70 km. The imposed field therefore does not produce the same
degree of shock displacement at all altitudes. Effective upstream shock motion requires a sufficiently
thick current-carrying shock layer with appreciable ionization.

The stagnation-point heat flux shows a similar altitude dependence. For By = 1 T, the heat-flux reduc-
tion at 30 km is almost negligible, only 0.05% relative to the zero-field baseline; at 40 km, the reduction
remains limited. At 50 km, the reduction reaches 25.13%, increasing to 48.35% at 60 km and 67.86%
at 70 km. The close correspondence between heat-flux reduction and standoff growth indicates that
this MHD control configuration is more effective at higher altitude. The wall heat flux profiles in Fig. 13
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(a) Shock standoff distance. (b) Stagnation-point heat flux.

Figure 12 — Shock standoff distance and stagnation-point heat flux versus flight altitude for zero-field
and By = 1 T magnetic field cases.

also become smoother as altitude increases, with a weaker shoulder heat flux penalty. This result
suggests an early-activation strategy: applying MHD control at higher altitude can reduce the initial
thermal load, increase electromagnetic drag, and lower the vehicle speed before entry into denser
atmospheric layers, where the margin of the passive TPS is more restrictive.

——a—— H=30km B=0T
3 —me— H=30km_B=IT
—a——  H=40km_B=0T

—me—  H=40km_B=IT

- ——a——  H=50km_B=0T

l_. —--=.— H=50km_B=IT
4E+06 [+ ——=——  H=60km_B=0T
. —m.— H=GOkm B=IT
R ——— H=70km_B=0T
A — o= H=70km_B=IT

0 0.2 0.4 0.6 0.8 1
X(m)

Figure 13 — Wall heat flux distributions at different flight altitudes for zero-field and By =1 T magnetic
field cases.

6. Conclusions

A finite-volume solver for hypersonic weakly ionized air plasma flows is developed. It couples multi-
component NCCR transport with the reduced Maxwell equations and includes two-temperature ther-
mochemistry, finite-rate multicomponent reactions, finite electrical conductivity o, induced current
density J, Lorentz forcing J x B, and electromagnetic energy deposition. Its predictive capability is
assessed against OREX numerical data.

For the RAM-C Il configuration, increasing the stagnation-point magnetic flux density pushes the bow
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shock upstream, increases the shock standoff distance, and reduces the stagnation-point heat flux
by lengthening the energy-dissipation path ahead of the nose. At H =50 km and M., = 20, increasing
By from 0 to 2.5 T increases the standoff distance to 12.65 times the zero-field value and reduces the
stagnation-point heat flux by 38.01%. For By = 1 T, the heat-flux reduction increases from 0.05% at
30 km to 67.86% at 70 km, with the standoff distance increasing to approximately 0.22 m.

The p, 1;, T,, J, J x B, and n, fields show that the MHD thermal-protection response is governed mainly
by the redistribution of the conducting post-shock plasma, rather than by magnetic-field strength
alone. Strong magnetic fields may also reorganize the shoulder flow, confine electron-rich gas within
the separation bubble, and enhance local reattachment heating. Flight altitude affects MHD thermal-
protection performance by changing the available current-carrying volume. At higher altitude, the
shock layer is more favorable for an extended Lorentz-force braking region, giving larger heat-flux
reduction and smoother wall heat flux distributions. The value of By and the activation altitude should
therefore be selected together, balancing stagnation-point cooling, increased shoulder heat load, and
aerodynamic deceleration associated with magnetic drag.
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