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The potential for using an applied magnetic field to augment the aerodynamic lift and drag 

of a hypersonic vehicle entering Neptune or Mars was studied.  The study was conducted to 

assess whether magnetohydrodynamics (MHD) could boost aerodynamic lift and/or drag for 

aerocapture of a spacecraft into planetary orbit.  MHD seemed well suited to create Lorentz 

forces during aerocapture when the flow is most ionized and conductive.  Neptune and Mars 

were selected since larger payloads and faster trip times to each planet may substantially 

increase scientific and exploration opportunities.  The results of the systems analysis presented 

herein suggest that a single MHD effector located off-centerline creates steering forces 

equaling whole-body aerodynamic forces and suggests a ground-breaking opportunity for 

new mission classes.  The magnetic field required to produce these large forces is around 1 

Tesla (T) having a mass roughly the same amount as the ballast used for recent Mars lander 

missions. 

I. Nomenclature 

A = Area 

𝐵⃗  = magnetic field 

Bx = magnetic field in the x direction (see Figure 1) 

Bz = magnetic field in the z direction (see Figure 1) 
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CFD = computational fluid dynamics 

CFDWARP = Combined CFD, MHD, and plasma sheath solver anchored at the University of Arizona 

CD = Drag Coefficient 

D = drag (when a force) 

D = distance between electrodes (when volumetric analysis by CFDWARP) 

𝐸⃗  = induced electric field 

e = electron charge 

EDL = entry, descent, and landing 

emf = Faraday electromotive force 

𝐸⃗ × 𝐵⃗  = drift motion along the flow of electrons and ions with respect to the bulk flow (slip effects) 

𝐹  = Lorentz Force 

Fx = X component of the resultant Lorentz force acting on the vehicle (see Figure 1) 

Fy = Y component of the resultant Lorentz force acting on the vehicle (see Figure 1) 

Fz = X component of the resultant Lorentz force acting on the vehicle (see Figure 1) 

HARA = Hypersonic Aerothermodynamic Radiation Algorithm 

K = load factor 

L = lift 

L/D = lift to drag ratio 

LAURA = Langley Aerothermodynamic Upwind Relaxation Algorithm 

M = ion mass 

m = electron mass 

MHD = magnetohydrodynamic 

𝑛𝑒 = electron number density 

𝑛 = number density of gas 

POST2 = Program to Optimize Simulated Trajectories II 

q = charge 

𝑇𝑒 = electron temperature 

𝑢⃗  = local velocity 

𝜈  = ion-neutral collision frequency 

𝜈𝑒𝑖 = rate of collisions with ions 

𝜈𝑒𝑛 = rate of collision with neutrals 

𝜎  = electrical conductivity (Siemens/meter) 

𝑉⃗  = velocity of the charge carriers (ions and electrons) 

𝜎𝑒𝑓𝑓 = reduction in the effective conductivity due to slip effects 

𝜎̃ = conductivity corrected for ion slip 

Ω̃ = Hall parameter corrected for ion slip 

𝛺𝑒 = electron Hall parameter 

𝛺𝑖 = ion Hall parameter 

II. Introduction 

A new approach to generate drag and lift during atmospheric entry was analyzed during a recent NASA Innovative 

Advanced Concepts (NIAC) Phase 1 study.[1]  The approach uses the principles of MHD to produce Lorentz forces 

that augment the aerodynamic lift and drag on the entry vehicle during atmospheric flight to achieve orbit capture or 

to land.  See Fig. 1. The ionized flow becomes conductive at certain entry conditions allowing for a current flux (J) 

established by the placement of the electrode pair.  This allows the harvesting of electricity.  In the presence of a 

magnetic field (B), the conductive flow creates a force (F).  Some forces (F) constitute lift (L) and drag (D) components 

(with respect to the spacecraft velocity vector). 

This Phase 1 activity builds upon studies and ground-based subscale ionization experiments in regenerative 

aerobraking [2, 3], energy harvesting [4-8], MHD drag modulation [9-14] and heat flux mitigation [15, 16, 11].  For 

some hypersonic entries at Mars, strong Lorentz forces can be produced using magnetic field strengths between 1-2 

tesla (T) that approach or exceed drag forces achievable by aerodynamic forces [9, 8].  Similar results have been 

illustrated for some Earth reentries [11].  A key difference of the proposed novel approach is positioning discrete 

magnets circumferentially around the forebody (see Figure 1) to create multiple asymmetric Lorentz forces that may 

be commanded independently to modulate lift and drag for controlling the entry vehicle while flying its tight entry 
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corridors at Neptune and Mars.  Since electrical power can be generated from the ionized flow, the design offers an 

option to use electromagnets that are self-powered during the entry rather than using permanent magnets.  Another 

advantage of the presence of strong magnetic fields is in attenuating the turbulence intensity of the boundary layer 

[15] when the electrical conductivity is high. Preliminary estimates show that the heat transfer to the surface could be 

reduced significantly when the gas temperature exceeds 7000 K and the magnetic field is greater than 1 T, as in these 

energetic entries. Convective heat flux reduction due to magnetic interaction with an ionized high enthalpy flow field 

has also been observed experimentally [16].  Such an effect has the potential to significantly decrease   the mass of 

the ablative material. 

To demonstrate the feasibility of using an applied magnetic field to generate lift and drag in an ionized hypersonic 

flow, this paper presents a computational analysis of potential Neptune and Mars entry scenarios.  The Langley 

Aerothermodynamic Upwind Relaxation Algorithm (LAURA) Navier-Stokes solver [17] provided the hypersonic 

flowfield, while the CFDWARP code [18] provided the solution to Maxwell’s equations at various MHD patch 

locations on the vehicle. The resulting Lorentz forces provide an MHD-derived lift and drag contribution, which may 

be controlled based on the MHD patch location and orientation.  The basic MHD theory for this analysis is presented 

in Section III, while Section IV presents the computational approach. Section V and VI then present the results for the 

Neptune and Mars entry cases, respectively. Finally, Section VII proposes future work. 

Potential destinations of interest include Neptune, Mars, Titan, and Earth return.  Detailed analysis is presented 

herein for Neptune and Mars to illustrate the potential of this magnetohydrodynamics (MHD) approach to enable 

faster and larger payloads to be placed in orbit by substantially increasing the lift and/or drag force that are possible 

by aerodynamic approaches.  Neptune and Mars were selected since larger payloads and faster trip times to each planet 

may substantially increase scientific and exploration opportunities.  Entry conditions for Neptune and Mars were 

selected based on previous aerocapture studies for those two destinations. 

For Neptune applications, the mid L/D concept developed for the 2004 study has been the baseline shape of the 

past. [19, 20] The tight entry corridor at Neptune required an aeroshell shape capable of L/D ratios around 0.8. [19, 

20]  Blunt body aeroshells generally provide a L/D ratio of around 0.2.  Hence, that 2004 study selected a Mid L/D 

shape capable of achieving the higher L/D ratio.  But, for Mars applications, previous architecture studies used blunt 

bodies such as the Hypersonic Inflatable Atmospheric Decelerator (HIAD). [21]   Several recent studies on fast transits 

to Mars influenced the selection of the entry conditions considered during this study. [22-24] 

Our analysis of the Neptune case eventually led to consideration of a blunt body shape as well for Neptune.  The 

desired orientation of the Lorentz Force and physical constraints on magnet placement for orienting the B-field to 

create a side or lift force, with respect to the spacecraft velocity vector, led to this final aeroshell geometry selection.   

Since the flow is conductive, electrical power can be harvested for powering the electromagnetic without requiring 

a power supply be brought from Earth.  Initial estimates of the electromagnet system necessary to produce 1 T are 

shown herein. 

 

Fig. 1:  Initial concept for independently commanded electromagnets to modulate lift and drag, where the 

MHD-derived Lorentz force (F) creates lift (L) and drag (D) components. 

III. MHD Theory for EDL Applications 

This section presents the basic characteristics of a hypersonic flow with an applied magnetic field. Later sections 

will present the results of the CFDWARP simulations, which implement these concepts. Subsection A presents an 

overview of the Lorentz force, which provides the dominant MHD impact. Subsections B and C then discuss the 

impact of Hall and ion slip effects, which may become large at certain conditions. 
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A. Impact of the Lorentz Force 

The principles of MHD stem from the theory of electrical currents flowing in the presence of a magnetic field. 

Typical hypersonic flowfield simulations assume a quasi-neutral plasma and no induced or externally applied 

magnetic field. When a magnetic field (B) is applied to the hypersonic flowfield (u) through a magnet on the vehicle, 

the charged particles (q) experience the following Lorentz force (F): 

𝐹 = 𝑞𝑢⃗ × 𝐵⃗                                                                                   (1) 

Since the charges of electrons and ions are of opposite signs, the electrons and ions are pulled apart, which creates 

a Faraday electromotive force (emf).  The impact of this emf is captured in the generalized Ohm’s Law, which is 

written as: 

𝐽 = 𝜎(𝐸⃗ + 𝑉⃗ × 𝐵⃗ )                                                                  (2) 

where the Lorentz force term is the last term on the right, 𝜎 is the electrical conductivity, 𝐽  is the current density, 𝐸⃗  is 

the electric field, and 𝑉⃗  is the velocity of the charge carriers. Note that Hall and ion slip effects are disregarded in 

Equation (2). Those effects (see subsection B below) would alter the generalized Ohm’s law.  For the configuration 

presented in Fig. 2, Equation (2) simplifies to the following. 

𝐽𝑦 = (1 − 𝐾)𝜎𝑢𝐵𝑧                                                                            (3) 

where 𝐾 is the load factor (load resistance vs plasma resistance). In this case, the current that flows between the short-

circuited electrodes is proportional to the conductivity of the plasma.  This pair of electrodes is placed on the outer 

surface of the spacecraft.  Hence, the conductivity of the flow is critical to the generation of large amounts of current 

within the plasma within MHD devices using during atmospheric entries. 

 

Fig. 2: Schematic of the Lorentz force creation for a magnetic field applied to a hypersonic flow. Current 

density (J) occurs between the two electrodes. Magnetic field (B) is shown as occurring in the x-z plane.  The 

Resulting Lorentz Force (F) is Determined by Equation 4 and would be perpendicular to both J and B. 

 

Generating a large amount of current is in turn critical for creation of large MHD-induced forces because the 

Lorentz force per unit volume corresponds to the cross product between the current density and the magnetic field 

vectors: 

𝐹 = 𝐽 × 𝐵⃗                                                                              (4) 

If 𝐵⃗  is inclined in the x-z plane and with respect to the surface for the example shown in Fig. 2 and has no y-component, 

and the flow velocity is along x axis, then the force per unit volume would have both axial (drag) and normal (lift) 

components, with no component along y axis: 

 𝐹𝑥 = −(1 − 𝐾)𝜎𝑢𝐵𝑧
2                                                                          (5) 

𝐹𝑧 = (1 − 𝐾)𝜎𝑢𝐵𝑧𝐵𝑥                                                                     (6) 

The scalar electrical conductivity is proportional to the number density 𝑛𝑒 of principal charge carriers (electrons) and 

inversely proportional to the rate, or frequency, of their collisions with ions (𝜈𝑒𝑖) and neutral molecules (𝜈𝑒𝑛): 

𝜎 =
𝑒2𝑛𝑒  

𝑚(𝜈𝑒𝑖+𝜈𝑒𝑛)
                                                                    (7) 

Here, 𝑒 and 𝑚 are the electron charge and mass, respectively. 

At low ionization fraction, 
𝑛𝑒

𝑛
≤ 10−3 − 10−2 (𝑛 is the number density of gas), electrons collide mostly with neutral 

molecules, and the conductivity is proportional to the ionization fraction [5]: 

𝜎 ≈ 3 × 105 𝑛𝑒

𝑛
𝑆 𝑚⁄                                                                          (8) 

In this regime, the conductivity in hypersonic shock and boundary layers reaches ~10-500 S/m (Siemens per meter). 
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At high ionization fraction, 
𝑛𝑒

𝑛
≥ 10−3 − 10−2, electrons collide mostly with ions, and the conductivity does not 

depend on the ionization fraction, instead being determined by the electron temperature [5]: 

𝜎 ≈ 𝑐𝑜𝑛𝑠𝑡 × 𝑇𝑒
3 2⁄

                                                                     (9) 

In this regime, the conductivity reaches ~1000-3000 S/m. Because a high conductivity is critical to obtain large 

MHD forces, the MHD patch should be placed at a location on the spacecraft surface where the flow has a high 

conductivity. For typical re-entry flowfields, the temperature is high enough to lead to an ionization fraction above 

0.1% and, therefore, the flow regions with the highest conductivity will be those where the electron temperature is the 

highest.  

B. Hall and Ion Slip Effects 
MHD forces not only increase with the magnitude of the flow velocity, plasma conductivity, and magnetic field 

strength, but are also sensitive to how the current flows in relation with the magnetic field and gas velocity vectors. 

Further, for maximum MHD forces, the current vector, flow velocity vector, and magnetic field vector should lie 

perpendicular to each other. As the magnetic field increases to very high values, two physical phenomena appear that 

lead to an attenuation of the Lorentz forces.  

 

 
(a) Streamlines remain parallel               (b) Streamlines distorted by Hall effects 

Fig. 3: Example of current density streamlines that demonstrate Hall and ion slip effects.  Red stripes are the 

electrodes shown in Fig. 2.  Lines shown between each electrode pair (stripes) are the current density 

streamlines. 

The first is the Hall effect. The Hall effect becomes important when the electron Hall parameter, defined as the 

ratio of the electron cyclotron frequency to the collision frequency, approaches or exceeds 1. When this occurs, the 

electrons and ions have a drift motion along the flow proportional to 𝐸⃗ × 𝐵⃗  . This leads to the current not flowing 

perpendicular to the flow velocity, and thus reduces the Lorentz force because the latter is largest when the current 

and magnetic field vectors are perpendicular to each other.  

The second is the ion slip effect. For larger values of the Hall parameter well in excess of one,  the motion of 

electrons and ions is reduced  so much that the ion-electron fluid starts to slip against the bulk neutral gas, i.e. moves 

at a velocity lower than that of bulk neutral gas, and the lower ion-electron velocity reduces the MHD effects (including 

body forces). This phenomenon is commonly referred to as the ion slip effect. The Hall and ion slip effects result in 

modification of the generalized Ohm’s law (2). This can be shown to be equivalent to a reduction in the effective 

conductivity of the plasma as follows: 

𝜎𝑒𝑓𝑓 =
𝜎̃

1+Ω̃2                                                                               (10) 

Here the conductivity 𝜎̃ and the Hall parameter Ω̃ corrected for ion slip are: 

𝜎̃ =
𝜎

1+𝛺𝑒𝛺𝑖
                                                                             (11) 

Ω̃ =
𝛺𝑒

1+𝛺𝑒𝛺𝑖
                                                                             (12) 

Here 𝜎 is the scalar conductivity (see Equations (7)-(9)), and the electron (𝛺𝑒)and ion (𝛺𝑖) Hall parameters are, 

respectively: 

𝛺𝑒 =
𝑒𝐵

𝑚(𝜈𝑒𝑖+𝜈𝑒𝑛)
                                                                         (13) 

𝛺𝑖 =
𝑒𝐵

𝑀𝜈𝑖𝑛
                                                                          (14) 

where 𝑀 and 𝜈𝑖𝑛 are the ion mass and ion-neutral collision frequency, respectively. Both the Hall and ion slip effects 

become dominant when the Hall parameter is high (higher than 10). Because the Hall parameter corresponds to the 
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product of the electron mobility and the magnetic field, and because the electron mobility is inversely proportional to 

the density of the gas mixture, it follows that Hall and ion slip effect occur when the magnetic field is very high and/or 

when the gas density is low.  However, these effects can be exploited for modulating axisymmetric forces and 

moments, as will be illustrated later in a Mars entry case. 

An example of the impact of Hall or ion slip effects on current streamlines is presented in Fig. 3. When the Hall 

effect is negligible, the current flows from one electrode to the other more or less perpendicular to the magnetic field 

and flow velocity (see Fig. 3a). But when the Hall effect is strong (Hall parameter higher than 1), a significant 

proportion of the current vector is parallel with the flow velocity. 

IV. Analysis Overview 

The present analysis is based on two steps. The first step is to obtain the conventional CFD solution using the 

LAURA Navier-Stokes solver coupled to the Hypersonic Aerothermodynamic Radiation Algorithm (HARA) 

radiation code. LAURA is a structured, multiblock, computational aerothermodynamic simulation code. [25]  HARA 

is used to evaluate the shock-layer radiation that provides the radiative source term for the flowfield energy equations, 

which impacts the flowfield temperatures and chemistry [25]. The coupled LAURA/HARA simulations assume a 

quasi-neutral plasma and two-temperature thermochemical nonequilibrium. These simulations also assume a fully 

catalytic wall in radiative equilibrium. The solution and grid convergence criteria applied were consistent with the 

state-of-the-art applied for NASA flight programs. The finite-rate chemical kinetics models used will be given with 

each of the cases presented in Sections V and VI. These LAURA/HARA solutions provide the conventional 

aerodynamic lift and drag forces for each case, as well as the baseline flowfield properties for the second step of the 

analysis.  

The second step of the analysis involves applying the CFDWARP code to a small patch of the LAURA flowfield. 

The MHD solver within CFDWARP obtains the current flowing between the short-circuited electrodes according to 

the generalized Ohm’s law outlined in [26]. Such includes the Hall and ion slip effects for each ion (see [26] for 

details). This CFDWARP analysis holds the LAURA computed temperatures, velocity components, and number 

densities as fixed values, which are specified within CFDWARP using splines. With this LAURA flowfield as an 

input and a specified magnetic field, CFDWARP computes the resulting Lorenz forces, which are the MHD-derived 

lift and drag, defined by Equations (4) – (6), as well as the current path between the electrodes, defined by Equations. 

(2) - (3). These electrodes are used to harvest the electrical power required to power the electromagnet, which produces 

the applied magnetic field. Figure 4 shows an example of the flowfield patch considered by CFDWARP.  

 

Fig. 4:  Computational domain of the MHD patch simulation and definition of magnetic field orientation; the 

red strips are where the electrodes are located; the dark gray area is the surface of the spacecraft 

Each of the patches considered by the CFDWARP analysis are located on the vehicle where the electromagnets 

are to be placed. As defined in Fig. 4, the electrodes are aligned so that the bulk flow from the LAURA solution occurs 

along the x-axis. The magnetic (𝐵⃗ ) field can be oriented and modulated to create the Lorentz forces in the drag (-x), 

lift (y), and rolling moment (z) directions. It should be noted that the location of the patch and cone angle will dictate 

whether Lorentz forces along the x-axis produce drag or lift or both. The same is true for the creation of rolling 

moments or pitching moments. As defined in Fig. 3, the magnetic field components are defined as follows: 

𝐵𝑥 = |𝐵|𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙                                                                          (15a) 

𝐵𝑦 = |𝐵|𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙                                                             (15b) 

𝐵𝑧 = |𝐵|𝑐𝑜𝑠𝜙                                                                         (15c) 

For all cases considered in this paper, the magnetic field strength, |𝐵|, is fixed at 1.0 T. The length of computational 

domain is 0.2 m along the x axis.  The domain length is chosen such that the MHD patch is large enough to create 

substantial forces but small enough to minimize the magnet weight. 
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V. Neptune Entry Case 

For the Neptune entry case, the initial geometry and trajectory are taken from Edquist et al. [20]. This geometry is 

presented in Fig. 5 and provides an L/D = 0.8, trim angle of attack of 40 deg.  The freestream velocity is 29.24 km/s 

with an atmospheric density of 1.45e-4 kg/m3.  Free-stream mass fractions of 0.6246 H2, 0.2909 He, and 0.0846 CH4 

were assumed. The LAURA simulations were performed with the following species: H2, H, H+, He, He+, e-, CH4, CH3, 

CH2, CH, C2, C, and C+. The flowfield kinetic rates were taken from a combination of Park [27], Gocken [28], Fujita 

[29], and Johnston and Brandis [30]. An example of the resulting electron number densities is presented in Fig. 6. 

Based on these LAURA simulations, the conventional aerodynamic “whole body” value for drag is 565 kN and for 

lift is 449 kN.   

 

Fig. 5: Geometry definition for the Neptune entry case [20]. 

 

Fig. 6: Electron number densities for the Neptune entry case and the location of the MHD patch identified by 

the dashed line. 

Using the LAURA computed flowfield properties along the body normal line identified in Fig. 6 as inputs, the 

CFDWARP code was run assuming the configuration defined in Fig. 4. The CFDWARP analysis was performed 

assuming a total magnetic field strength of 1.0 T, 𝜙 = 90 deg., and range of magnetic field orientation angles defined 

by 𝜃. As defined in Fig. 4, the aeroshell surface (bottom face of the volume) is shown in grey. The two electrodes 

(strips) are shown in red.  The dimensions of the MHD patch are 0.2 meters along the x-axis (“bulk” flow direction), 

0.118 meters along the y-axis (normal to the aeroshell surface), and 0.1 meters along the z-axis (perpendicular to the 

“bulk” flow direction).  Both electrodes are given the same voltage to represent a short circuit for this initial case.  

Flow properties are frozen for representing no coupling for this case.  Hall effect and ion slip effects are taken into 

consideration. 

The resulting Lorentz forces from the CFDWARP simulations are presented in Fig. 7 as a function of 𝜃. These 

forces may be converted into lift and drag forces for the Neptune case through the following transformation:  

𝐿 = 𝐹𝑒𝑚𝑓𝑖𝑒𝑙𝑑,𝑥𝑠𝑖𝑛(𝛼 + 𝛽) + 𝐹𝑒𝑚𝑓𝑖𝑒𝑙𝑑,𝑦𝑐𝑜𝑠(𝛼 + 𝛽)                                                   (16a) 

𝐷 = −𝐹𝑒𝑚𝑓𝑖𝑒𝑙𝑑,𝑥𝑐𝑜𝑠(𝛼 + 𝛽) + 𝐹𝑒𝑚𝑓𝑖𝑒𝑙𝑑,𝑦𝑠𝑖𝑛(𝛼 + 𝛽)                                               (16b) 
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where 𝛼 is the angle of attack (40 deg.) and 𝛽 is the angle of the surface (~10 deg.) from the z-axis in Fig. 6. Figure 7 

presents the resulting lift and drag variation as a function of 𝜃. These values are presented in terms of the force per 

unit area, which allows the results to be scaled to larger MHD patches. Assuming a one square meter patch, the peak 

drag above 150 kN provides a notable addition to the 565 kN of conventional aerodynamic drag. The lift over most 

of the 𝜃-space is either negative or a small positive value.  

 

 

Fig. 7: Lorentz forces for magnetic field orientation angle (𝜽 between -90 and +90 deg. 

 

Fig. 8: Computational domain for studying the effects of electrode spacing on the Lorentz forces. 

 

 

Fig. 9: Effect of distance between electrodes on the current density streamlines; the blue streamlines show the 

current flowing between the electrodes distanced by 1 m; the red streamlines show the current flowing 

between the electrodes distanced by 0.1 m. 

Additional cases were run to characterize the effects of electrode spacing on the Lorentz forces. Shown in Fig. 8, 

the volume domain used for this parametric study on electrode spacing is 0.2 meters along the x-axis (“bulk” flow 

direction) and 0.118 m along the y-axis (normal to the aeroshell surface represented by the grey face on the bottom of 
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the volume).  The dimension in the z-axis (representing the distance between the two electrodes) was varied between 

0.1 m to 1.0 m.  The 1.0 T magnetic field was locked to 𝜃 at 45 deg in the x-y plane and orthogonal to the z-axis.   

The effect of distance between electrodes on the current density streamlines is illustrated in Fig. 9.  The longer 

blue streamlines represent the case for D = 0.97 m spacing while the shorter red streamlines represent the case for D 

= 0.07 m.   

The force increases when the distance (D) between electrodes is increased.  This effect is due to the current 

streamlines being more perpendicular to the flow and the magnetic field as D is increased.  Indeed, as can be seen 

from Fig. 9, when the distance between the electrodes is increased, a longer portion of the current streamlines 𝐽 , is 

orthogonal to the magnetic field. 

The forces, presented in Fig. 10, reach up to 800 kN/m2.  Hence, a “MHD patch” that encompasses 1 m2 of the 

aeroshell can, theoretically, produce up to 800 kN force, which may exceed the total conventional aerodynamic force 

of 721 kN. 

 

Fig. 10: Effect of electrode spacing on Lorentz forces. 

VI. Mars Entry Case 

For the Mars entry, a freestream velocity of 9 km/s with an atmospheric density of 4.4x10-5 kg/m3 was modeled 

for a 70 deg sphere-cone aeroshell at zero deg angle of attack.  The entry velocity represents faster transits to Mars.  

[22-24] The location selected on the 70-deg cone for this case is near the shoulder, as illustrated in Fig. 11. The 

following species were included in the LAURA simulation: CO2, N2, CO, NO, O2, CN, C2, C, N, O, N2
+, CO+, NO+, 

C+ N+, O+, and e-.  The chemical kinetics were taken from Johnston and Brandis [30]. The resulting conventional 

aerodynamic drag from the LAURA simulation is 709 kN, while the lift is zero because of the axisymmetric flow. 

Parametric cases were run for understanding the effects of the magnetic field on the conductivity. As explained in 

Section III above, Hall effects and ion slip effects are generally observed when the atmosphere has very low densities, 

as in the case of Mars. The dimensions of the volumetric domain selected for this parametric analysis, to represent the 

initial size of a “MHD Patch” in the location of the aeroshell specified in Fig. 11, are 1.0 m along the x-axis (“bulk” 

flow direction), 1.0 m along the y-axis (normal to the aeroshell surface), and 1.0 m along the z-axis (perpendicular to 

the “bulk” flow direction).  The magnetic field values between 0.1 T and 3.0 T selected for this parametric case were 

oriented in the x-y plane at 45 deg, which is orthogonal to the z-axis.  Electrode spacing (D) is set to 0.97 m.  Both 

electrodes are given the same voltage to represent a short circuit for this initial case.   

The CFDWARP solver calculates the current density streamlines between electrodes for identifying any Hall or 

ion slip effects.  For a magnetic field of 0.1 T, the current density streamlines do not remain parallel, as illustrated in 

Fig. 12.  This current is affected by the Hall effect and flows at an angle of 10-30 deg (from the z-axis), leading to 

reduced performance of the MHD approach for this Mars case.  The performance degrades further as the magnetic 

field strength is increased.  When the magnetic field is increased to 1.0 T, the Hall parameter increases further to a 

value of 30, leading to severe distortion of the current streamlines shown in Fig. 13 and much reduced performance 

of the MHD approach, illustrated in Fig. 14. 

The impact of the magnetic field strength for the values between 0.1 T to 3.0 T is given in Fig. 14.  For comparison, 

the force calculated using basic MHD equations (nearly vertical dashed line shown in Fig. 14), that do not account for 

Hall effects and ion slip effect and that also assume the current to flow parallel to the surface, is also shown. The force 

in the x-direction (in the direction of the “bulk” flow), represented by the red line, illustrates the degradation as the 
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magnetic field is increased.  The slope of the force in the x-direction becomes flatter as the magnetic field strength is 

increased.  The force in the z-axis (in the direction orthogonal to the flow), represented by the black line, increases 

more or less linearly as magnetic field strength is increased.   

In Fig. 14, the ion slip effect reduces the force by a factor of 2, while the Hall effect reduces the force by a factor 

between 2 and 5.  The distance between the electrodes (around 1 meter) is not large compared to the height of the 

plasma or shock layer thickness (around 0.8 meters). The height of the plasma compared to the distance between 

electrodes does not constrain the current to flow parallel to the wall for most of the spacing, thus reducing the force 

by a factor of 5 to 8.   

 

Fig. 11: Electron number densities and MHD patch location for the Mars entry case. 

 

Fig. 12: Current density streamlines between the two electrodes (in red) resulting from B=0.1 T for the Mars 

entry case. 

 

Fig. 13: Current density streamlines between the two electrodes (in red) resulting from B=1.0 T for the Mars 

entry case. 
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It should be noted that previous studies on MHD drag and MHD lift for Mars that did not account for the Hall 

effect, the ion slip effect, or 3D effects have likely overestimated the augmented drag and lift forces. Taking the Hall 

effect, ion slip effect, and 3D effects into account, Fig. 14 shows that the force magnitudes are on the order of 20 kN 

for a 1.0 T magnetic field, which is one order of magnitude below the conventional aerodynamic drag value of 709 

kN computed by LAURA.  However, there may still be some opportunities where this MHD approach could provide 

suitable levels of augmented drag, augmented lift, and augmented roll.  This is an area of future work. 

 

 

Fig. 14: Impact of magnetic field strength on electromagnetic forces acting on the flow to illustrate Hall and 

ion slip Effects. 

VII. Magnet Mass Estimate 

As the electromagnetic flow generated by MHD is conductive, electrical power can be harvested from the flow to 

power the electromagnet without requiring a separate power supply.  The values of current available for extraction in 

the flow was calculated by CFDWARP for several entry cases and presented in Table 1. These results showed that 

thousands of amps are available for extraction and use by an electromagnet.  

The magnetic system proposed for this MHD approach is based on traditional materials and magnet design 

guidelines [31].  Five estimates were conducted for 3 different current levels to gain an understanding of their effects 

on the mass of the electromagnet and heating rate.  The first case, shown in Table 1, states the mass (of 370 kg) if a 

current of 100 amps is used.   

Table 1: Coil Mass and Heating Rates Estimates for Several American Wire Gauges (AWG) and Currents 

 
 

By comparison, current lander mission concepts require mass ejection to change the angle of attack.   For instance, 

the Mars Science Laboratory used two 75-kg ballast masses ejected prior to atmospheric entry to force the vehicle to 

fly at the desired angle of attack.  Prior to parachute deployment, six 25-kg ballast weights were ejected prior to drive 

the angle of attack back to 0 deg nominal. [32]  The mass of these 8 ballasts totals 300 kg, roughly the same order of 

magnitude as the magnet sizes shown in Table 1. 
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VIII.   Future Work 

The results of the Phase I Study illustrate that strong Lorentz Forces are present during entries at Neptune and 

Mars and that the system mass to capitalize on that opportunity to produce additional lift and/or drag is on the order 

of the ballast mass used for recent lander missions at Mars.  However, there are a number of tasks that must be 

accomplished for maturing this MHD approach for flight demonstration and proof of concept testing.  A key aspect 

of those tasks involves analyzing the amount of time the system is needed to maintain the desired flight path within 

the prescribed entry corridor and sizing the system accordingly.  Illustrated in Fig. 15, the system sizing must consider 

not only flight mechanics but also thermal loads and heat fluxes.  Tasks 1 through 7 were conducted already and some 

results presented herein.  Task 8 is flight mechanics in nature, and POST2 [33] will be used, as explained above.  

POST2 will also provide an estimate of heating rate and heat flux for calculating thermal loads mentioned in Task 9. 

 

Fig. 15: Proposed Phase II Study Design Process for Addressing Significant Unknowns 

 

Fig. 16: Orbit diagram showing transfer orbit to Enceladus using Titan aerogravity assist maneuver [34]. 

Based on the promising Neptune results presented in this work, the performance of this MHD approach will be 

considered for Titan, Venus, and Earth.  Other prior studies for Titan and Venus will provide a benchmark from which 

to study the MHD approach performance for those two destinations [35, 36]. In general, MHD aerocapture represents 

a plug-and-play solution for increasing the drag (qCDA) and L/D of flight-proven, blunt body spacecraft. This unique 

benefit could enable complex mission architectures to high-priority destinations without incurring the substantial 
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development time and cost of a new flight vehicle. Future work will examine the ability of this technology to deliver 

a flagship class satellite into orbit around Enceladus, highlighted in Fig. 16. The mission will utilize an aerogravity 

assist maneuver in Titan’s atmosphere [34, 37] to deliver the probe into an elliptical orbit about Saturn with apogee 

and perigee at Enceladus and Titan, respectively. Enceladus orbit insertion is achieved with a relatively modest delta-

v (~650 m/s) following a series of moon-tour maneuvers. The use of MHD aerocapture will substantially reduce the 

heating rate and total heat load at Titan, increase the entry corridor width, and enable precise delivery of the spacecraft 

into the Enceladus transfer orbit, thus minimizing the propellant mass required for post-transfer orbit corrections.  

IX. Conclusion 

The MHD approach creates lift and drag equaling the aerodynamic forces for the entry cases presented for Neptune 

and Mars.  In some cases, the resulting L/D ratio exceeded 1.0.  For the case of Mars, where Hall and Ion slip effects 

dominate the flow due to the low atmospheric density, rolling moments can be produced as well as lift and drag forces.  

Additional work is envisioned for demonstrating this new aerocapture approach. 

As the results of this study illustrate that MHD can generate large steering forces, this approach potentially allows 

entirely new spacecraft shapes to be considered for Neptune as well as smaller decelerators to be analyzed for Mars. 

For instance, a blunt body aeroshell equipped with this MHD approach may satisfy the stringent L/D ratio necessary 

for maintaining control of the spacecraft during the tight entry corridor at Neptune.  Considering the promising results 

for Neptune and Mars, this MHD approach offers potential application at Titan [35], Venus [36] and at Earth and 

forms the basis for proceeding with a Phase 2 design study on how best to implement this MHD approach into a 

variety of human destinations and science missions.   

This MHD approach may enable new missions that recent scenario studies indicate a huge benefit from an 

aerodynamic assist maneuver such as Titan aerogravity assist to deliver a Flagship class satellite into orbit around 

Enceladus.[34, 37]  Analysis for these destinations could be included in a follow-on study.  The analysis results, if 

verified via flight demonstration testing (similitude at Earth), could revolutionize Entry, Descent, and Landing (EDL) 

at other worlds with atmospheres and significantly modify mission architecture not only for those worlds but also for 

Return to Earth from the Moon and Mars. 
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