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A Magnetohydrodynamic Power
Panel for Space Reentry Vehicles
During reentry from space, a layer of high temperature air ��3000 K� is formed extend-
ing tens of centimeters from the surface of the vehicle, well out into the high speed flow
regime. Magnetohydrodynamics (MHD) can then be used to generate power by project-
ing magnetic fields outside the vehicle into the conducting air stream and collecting the
resulting current. Here, we analyze a multifunctional MHD panel which generates the
requisite magnetic fields, protects the vehicle from high temperatures, and is structurally
stiff and strong. The analysis shows that a magnetic system weighing approximately
110 kg can generate 0.6 MW of power for 1000 s. �DOI: 10.1115/1.2178360�
Introduction
This paper explores the potential for generating large amounts

f electrical power during reentry from space by exploiting mag-
etohydrodynamics �MHD�. While the analysis below will dem-
nstrate that there are several unresolved design issues that must
e addressed before MHD generation will be usable, the authors
elieve that these issues are soluble given current technology. The
oncept envisages a vehicle whose skin is a multifunctional struc-
ure that generates magnetic fields of sufficient strength to pro-
uce useful power, while simultaneously sustaining the high heat
ux, as well as the aerodynamic and structural loads, all at accept-
ble mass. The analysis is performed at the subelement �or panel�
evel. The input for design of the panel emanates from aerother-

ochemistry calculations described elsewhere �1�, which are
ased upon a wedge-shaped vehicle configuration �2,3�.

Magnetohydrodynamic power generation is described by Fara-
ay’s law. Since the ionized gas flowing over the surface of the
ehicle is conductive, a magnetic field extending from the vehicle
nto this plasma is able to accelerate charged particles �as shown
n Fig. 1� creating a transverse current density J=�u�B �neglect-
ng, for the moment, both Hall effects and ion slip�, where � is the
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conductivity of the plasma, u is the velocity of the plasma, and B
is the local magnetic flux density. For a comprehensive discussion
of power generation in a magnetohydrodynamic context, see Rosa
�4�.

The ensuing analysis of the usable power is based upon the
following assumptions:

1. Air at u=7 km/s and at densities and temperatures asso-
ciated with flow around a 12 deg half-angle wedge at
45 km altitude is seeded with NaK �properties as per �5��
imbuing the plasma enshrouding the vehicle with suffi-
cient conductivity to generate �1 MW of power per m2

of surface area, provided that the magnetic field just out-
side the vehicle exceeds 0.2 T. This assumption is based
on the aerothermodynamic model results.

2. The surface temperature of the MHD panel reaches a
“steady state” of about 1500 K.

3. During the reentry period, which is assumed to last up to
tf =1000 s, the temperature at the magnets must remain
below a maximum allowable operational limit.

The need to project a significant magnetic field beyond the
surface of the vehicle encourages the use of thin walled vehicle
structures that differ conceptually from the thick insulating �or
ablative� tiles used in current �passive� thermal protection systems
�TPS� �see, for a discussion, �6��. This paper analyzes a concep-
tual system comprised of a thin ceramic thermal barrier coating
�TBC� strongly adhered to a metallic substrate and an active cool-
ing system. Because of the thinness of the TBC, the interface

between the insulating material and the structural alloy attains
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igh temperatures. The thermostructural consequences are analo-
ous to those encountered in gas turbines, which use a TBC con-
ept in conjunction with internal cooling to control the rate of
hermomechanical and oxidative damage. For gas turbine applica-
ions, a robust multilayer system has been devised with two pri-

ary attributes: It satisfies thermodynamic compatibility and is
olerant to thermal and mechanical strain misfits between layers. It
onsists of an insulating oxide, typically yttria stabilized zirconia
YSZ�, deposited as a 100–200 �m thick coating onto an
luminum-rich 20 �m thick intermetallic layer �referred to as a
ond coat� that slowly oxidizes to form �−Al2O3. This concept
as been chosen because YSZ and �−Al2O3 are thermodynami-
ally compatible �7,8�. The bond coat is in turn deposited on a
tructural nickel-based superalloy, with the constraint that the in-
erdiffusion between the alloy and the bond coat be minimal dur-
ng the expected life of the system. The alloy is actively cooled by
ir from the intake, directed through embedded serpentine chan-
els. While the TBC surface temperature can be as high as
425 K in this application, the underlying materials can be as
uch as 200 K cooler.
A comparable TBC system is proposed for the MHD panel, but

ow the structural system should be nonmagnetic, lightweight,
nd capable of supporting loads at high temperature. These re-
uirements, coupled with a material selection algorithm �9,10�,
uggest titanium alloys as a primary candidate for the vehicle
kin. A bond coat concept for Ti alloys and a suitable strain-
olerant TBC oxide have yet to be devised. For the present assess-

ent we invoke a Ti-based intermetallic bond coat that forms �
Al2O3 upon oxidation, combined with a ternary oxide with

ower thermal conductivity than YSZ and more resistance to sin-
ering at the surface temperatures experienced during reentry. The
andidates are, respectively, TiAl3 and Gd2Zr2O7 �11�. When de-
osited as a columnar structure using electron beams, Gd2Zr2O7
as a thermal conductivity, k=0.5 W/mK �11�, but this conduc-
ivity can potentially be lowered �12� by manipulating the mor-
hology of the porosity, possibly by as much as a factor of two
13,14�.

The TBC would be deposited onto a multifunctional panel that
erforms four functions: �a� impedes heat transfer into the vehicle;
b� supports an integral cooling system; �c� contains embedded
agnets; and �d� withstands large compressive and bending loads.
truss core sandwich design made using a Ti alloy is proposed.
hen optimized for load capacity, the weight of such panels as a

unction of the load is summarized in Fig. 2, relative to a solid
anel of the same mass per unit area �15,16�. The open channels
n the core allow cooling and permit permanent or solenoid mag-
ets to be incorporated, as elaborated later.

ig. 1 Relative directions of flow, magnetic field, and gener-
ted current
This study explores the feasibility of using such a design to

8 / Vol. 74, JANUARY 2007
generate power during reentry, and will propose a systematic
means for design and optimization. The analysis reveals that a
MHD panel competes effectively with other power sources in
terms of power density and energy density �see Fig. 3�.

The paper is organized in the following manner. �a� The design
concept is outlined. �b� The power that can be generated is related
to magnetic field strength and the flow conditions. �c� Magnetic
field strengths are calculated using finite elements. �d� The opti-
mization approach is described. �e� The panels are optimized and
trends in net power generated are established. The trends are used
to provide a focus for future research that addresses feasibility and
validation of the models.

2 Design Concept
The panel concept, illustrated in Fig. 4, embeds either resistive

solenoid magnets �shown here� or permanent magnets �not dis-
played�. �Superconducting magnets are discounted at this stage
due to unresolved cooling requirements.� The basic panel design
is a 50 mm thick titanium sandwich panel, comprising two 5 mm
thick faces and a 40 mm thick truss core. The reentry maneuvers
determine the maximum structural loads; these are mission-
dependent and are not explicitly analyzed. Based on previous as-
sessments of the strength and stiffness of truss core panels
�15,17�, it is believed that the proposed panel can be designed to
sustain the required loads at acceptable weight. Because the core
of the panel contains open channels, and because the truss struc-

Fig. 2 Mass of truss-core panels as a function of load capac-
ity, compared to solid beams

Fig. 3 Ragone plot for various power sources for a reentry

vehicle including the proposed MHD device

Transactions of the ASME
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ures efficiently conduct heat from the faces, this panel enables
imultaneous thermal management by active cooling. The mag-
etic array is relatively long in the direction of the flow stream,
hereupon edge effects at the front and back can be neglected.
he array is periodic in the width direction, which increases the
agnetic field strengths �18,19�. To realize this potential, adjacent
agnets must be oriented with alternating north and south poles,

reating flux loops. By placing electrodes at the junctions between
he magnets, the current is directed to these electrodes and col-
ected, thereby generating power, as sketched in Fig. 1. Moreover,
he symmetry simplifies the calculations required. The magnetic
rray is separated from the surface of the vehicle by a titanium
lloy face and a TBC layer.

For the resistive solenoid design in Fig. 4, the north and south
oles of the magnetic elements alternate. This particular array
ontains two periodic elements. Electrodes for power collection
re mounted on the surface of the TBC, interlaced between the
agnet poles. The design variables are the thickness h and total
idth 2w of the solenoid, the width of the arms of a single sole-
oid b, and the current density in the solenoid J0. Again, it is
ssumed that the length L of the array is much larger than any
ther geometric variable, permitting a two-dimensional approxi-
ation. Additional variables, such as the geometry of the high-

ermeability backing plate, will not be addressed. The overall
onfiguration of a permanent magnet array is similar. Comparable
elds can be achieved with a variety of alternative configurations.
Thin layers of insulation are used in conjunction with active

ooling of the sandwich face. The titanium alloy face layer be-
eath the TBC uses an embedded planar heat pipe to assure ad-

Fig. 4 Array of rectangular solenoids contained
quate creep strength by preventing the temperature from exceed-

ournal of Applied Mechanics
ing 900 K. Active cooling protects the upper surfaces of the
magnets, preventing them from exceeding 500 K, their maximum
operational temperature. This design uses water, which is heated
from 273 K to 373 K, evaporated, and expelled from the vehicle.
There are several precedents for a cooling system of this type,
including Faghri �20�. In such a system, each kilogram of water
would expel 2.8 MJ of heat from the vehicle. The mass of the
cooling system, mcool is considered to be that of the water mw, plus
a re-circulation system �mw such that mcool= �1+��mw. Active
cooling is required to dissipate the heat associated with the opera-
tion of resistive solenoids.

3 Estimation of Power Generated
The power P0 delivered to the load, per unit volume of flow

over the vehicle, is

P0 = K�1 − K��̃u2B2 �1�

where K is the load factor which is between zero and one, �̃ is an
effective conductivity of the gas which accounts for Hall effects, u
is the magnitude of the velocity of the flow stream, and B is the
norm of magnetic flux density; B= �B�. The velocity u is perpen-
dicular to the magnetic field B. The maximum power that can be
extracted from the flow occurs when the load impedance equals
the resistance of the current passing through the air, and K=0.5.
The use of Eq. �1�, which is derived for a one-dimensional mag-
netic field, can be justified because, for the magnetic fields exam-
ined here, at all locations the vector product of the fluid velocity
and the magnetic field is directed toward the electrodes. Ion slip

a multifunctional truss-core sandwich structure
in
effects have been shown to be negligible at 46 km altitude by

JANUARY 2007, Vol. 74 / 59
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acheret et al. �1�. The remaining elements of Eq. �1� are ad-
ressed below.

3.1 Plasma Conductivity. The conductivity is a function of
he density and composition of the flow stream, the configuration
f the shock system, the gas temperature, and the presence or
bsence of artificial seeding. We assume that the conductivity
rises principally because of artificial seeding, and that the seed-
ng device projects the seed 0.06 m from the vehicle surface. Cal-
ulation of conductivities requires a multispecies nonequilibrium
ow model, which is beyond the scope of this paper but has been
erformed by �1�. The seeding model used by �1� assumed 1% by
ass NaK entrained in the flow ahead of the MHD region; during
1000 s flight, this would require only 1–2 kg of seed plus some

dditional mass for an injection system which would be similar to
uel injection systems for ramjet engines. Because our purpose is
o compare magnetic arrays, we simplify by regarding the conduc-
ivity as varying linearly within the region of interest

��z� = �0��z0 − z�/z0� , �2�

here �0=650/�m and z0=0.06 m. This is consistent with gas
roperties at an altitude of approximately 45 km, and reflects the
istribution of temperature and seed material through the bound-
ry layer in the calculations by Macheret et al. �1�. A comparison
f the assumed distribution of conductivity with the distribution
alculated by Macheret et al. �1� is shown in Fig. 5.

At high magnetic fields and low collision frequencies, the elec-
rons circulate around the magnetic field lines rather than migrate
etween the electrodes leading to a Hall current and a significant
eduction of the effective conductivity. If the Hall parameter �e
the ratio of the cyclotron frequency of the electrons to the colli-
ion frequency� is greater than one, the Hall effect must be taken
nto account. In this case, the effective conductivity �̃ is written

�̃ =
�

1 + �e
2 =

�

1 + ��eB�2 �3�

here �e is the electron mobility �with �eB an alternate represen-
ation of the Hall parameter�. Assuming an electron mobility �e
10/T, the Hall parameter is unity when flux density B=0.1 T.
peration at magnetic field strengths much above 0.2 T does not

ead to a significant increase in power extraction without the in-
roduction of complex electrode segmentation and the potential of
nterelectrode voltage breakdown. In this analysis it is assumed
hat continuous Faraday electrodes are used. It should also be
oted that 0.2 T is close to the limit of the magnetic field strength
hat can be generated from reasonable steady state electromagnet

ig. 5 Comparison of assumed and calculated conductivity
nd velocity profiles with distance from vehicle surface
onfigurations.

0 / Vol. 74, JANUARY 2007
3.2 Flow Velocity. Various assumptions need to be made
about the flow over the vehicle.

1. The velocity increases linearly with distance z from the
vehicle surface, starting at zero and reaching the velocity
in the shock layer u0 at the edge of the boundary layer.
Outside the boundary layer, the velocity is constant and
equal to the shock layer velocity.

2. The thickness of the boundary layer, tBL=0.03 m �1�.
3. The magnetic Reynolds number is small, and hence the

flow does not signifiacntly perturb the magnetic field.

The resulting velocity function is

u�z� = �u0� z

tBL
	 if z � tBL

u0 if z � tBL

�4�

This velocity function is compared with detailed aerothermody-
namic calculations �22� in Fig. 5.

The power generated by the MHD device, per unit volume, thus
becomes

P0 =
��z�u�z�2B2

4�1 + �10B�2�
, �5�

where u�z� is given by Eq. �4�, ��z� is given by Eq. �2�, and the
magnetic flux density B is determined as detailed below. This
function is integrated over the width of a magnetic element and
the thickness of the conductive layer in order to determine the
power generated, per unit length, by a single periodic magnetic
element.

4 Magnetic Field Calculations
Finite element calculations performed with FEMLAB �23� have

been used to develop a relationship for the dependence of power
generation on the geometry and composition of the magnetic ar-
ray. These computations provide the relationship between geomet-
ric variables �thickness h, element width 2w, and solenoid arm
width b�, internal variables �current density J0 or magnetization
M0�, and the magnetic fields. The finite element results generate a
database of magnetic fields as a substitute for an explicit func-
tional relationship between the power generated and the geometric
and array parameters.

An example is provided for the electromagnetic arrays. Because
of the magnetic symmetries and antisymmetries and the assump-
tion of periodicity, as shown in Fig. 4, only half of one periodic
element needs to be modeled. Consider a magnetic field, intensity
H, and a boundary with normal n̂. Along a plane of magnetic
symmetry, the condition n̂ ·H=0 holds; �magnetic field lines do
not cross the boundary�. Similarly, on a plane of magnetic anti-
symmetry, the boundary condition is n̂�H=0 �magnetic field
lines crossing the boundary have no component parallel to the
boundary�. The magnetic flux density is given by B=�H, where
� is the permeability of the medium.

A typical result is presented in Fig. 6 for a solenoid of thickness
h=0.02 m, arm width b=0.12 m, solenoid half-width w=0.3 m,
with current density J0=15 MA/m2. The backing plate is as-
sumed to be 0.01 m thick with relative permeability �r=20,000.
It would be more realistic to use a thinner, more highly permeable
back plate, but this choice would diminish the computational ef-
ficiency. The titanium face sheet and TBC layer have relative
permeability near unity, and are not modeled explicitly. The plane
x=0 m exhibits magnetic symmetry, while the plane x=0.3 m is a
plane of magnetic antisymmetry. The region from which power
can be extracted is marked “region of high conductivity”.

For each such FEMLAB calculation, the expression �5� is inte-
grated over the region of high conductivity, and the total power
generated per periodic tile is twice the value of this integral �since

only half of one periodic element is modeled�. This power gen-

Transactions of the ASME
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ration is an input to the optimization procedure. Further finite
lement calculations suggest that the power generation capacity
or a tile at the edge of a periodic array is reduced by approxi-
ately 15%. Thus, an array of N periodic tiles will produce power

er meter length equal to

Ptot = �N − 0.3�P �6�

here P refers to the integral of P0 �Eq. �5�� over the width of the
agnetic element and the thickness of the conductive layer.

Optimization Scheme

5.1 Power/Mass Exchange Constant. To optimize the con-

guration of the magnetic array, we define the effective power P̂
hich becomes the objective function

P̂ 
 Pnet − 	mtot �7�

n this formula, Pnet is the net power generated by the panel �the
otal power generated less the power required to run the magnets�
nd mtot is the total mass of the magnets plus the cooling system.
he power/mass exchange constant 	 is interpreted as the penalty
ssociated with each unit of mass of the MHD device. Accord-

ngly, the effective power P̂ is the difference between the net
ower generated and the total penalty associated with the mass of
he device. For specified 	, the optimal design is that maximizing

he effective power P̂.
If 	 is progressively varied, a locus of optimal designs in

mtot , Pnet� space arises, as shown in Fig. 7. Note that a minimum
ass of magnets mmin is required before any power can be gen-

rated. Graphically, the net power density �the ratio of net power

Fig. 6 Typical FEMLAB calculated result showing magnetic
magnetic field lines. This configuration is for a solenoid with
b=0.12 m, and solenoid half-width w=0.3 m. Note that the m
magnetic flux density in the vehicle in negligible.
o total mass� is maximized at the point where a ray from the

ournal of Applied Mechanics
origin is tangent to the locus, which implies that the slope of the
locus must be equal to the net power density. At every point on the

locus, since P̂ is a maximum


P̂ = 
Pnet − 	
mtot = 0 �8�

such that 	 is the slope of the locus. Hence we must find the point

where the net power density is equal to 	. When P̂=0

density „T… „with bar to the left… and a representative set of
rent density J0=15 MA/m2, of thickness h=0.02 m, arm width
netic flux density in the back plate is very high, while the

Fig. 7 The locus of optimal designs in „mtot ,Pnet… space, show-
ing the construct to obtain the maximum net power density.
The maximum net power density is found when a ray from the
flux
cur

ag
origin is tangent to the locus.
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�	�P̂=0 =
Pnet

mtot
= 	* �9�

hus 	 can also be interpreted as the maximum net power density

y finding the value of 	=	* for which the maximum of P̂=0.

5.2 The Optimization. Optimization involves an exchange
etween total mass �the MHD device plus the coolant� and power
eneration, dependent upon flight time tf and heat flux q. Because
he mass of the structural elements and insulation will be present
hether or not a MHD device is incorporated, this mass need not
e considered for optimization. To determine the number of peri-
dic elements N �noting that fractional elements are not permis-
ible�, the maximum width of the array is taken to be 1.2 m. The
ower surplus Pnet �per unit length� is the power generated Ptot
ess the power expended by the magnetic array Pexp. For perma-
ent magnets Pexp=0, while for a resistive solenoid system

Pexp = 2N
J0

2hb

�s
�10�

here �s is the conductivity of the solenoid material �at 373 K,
he expected operating temperature of the solenoids, for copper
s=4.6�107/�m, while for aluminum, �s=2.8�107/�m�. A re-
istive electromagnet generates heat equal to the power required
o run the solenoid Pexp.

The mass of the solenoid array �per unit length� is

mmag = 2Nbh� �11�

here � is the density of the material used in the array �for copper,
=8960 kg/m3, and for aluminum, �=2702 kg/m3�, and the mass
f a neodymium-iron-boron permanent magnet array is

mmag = 2Nwh� �12�

ith �=7500 kg/m3.
The steady-state flow of heat through the TBC is dictated by its

hermal conductivity k, the difference in temperature between the
wo sides �T, and its thickness tTBC

Hsurf = 2Nw
k�T

tTBC
�13�

here 2Nw is the total width of the panel. Transients are consid-
red to be of short duration. The temperature difference is consid-
red to be governed by the temperature attained on the external
urface of the TBC �1500 K�, ascertained by the aerothermody-
amic calculations,1 and the maximum temperature that a titanium
lloy can sustain to assure adequate creep strength �900 K�. The
otal heating input is

Htot = Hsurf + Pexp �14�
The mass of the cooling system is

mcool = �1 + ��
Htottf

Cwater
�15�

here Cwater is the energy per unit mass to heat and evaporate the
ater. It is assumed that the water vapor is immediately vented

rom the vehicle through an insulated system, such that no further
eating of the vehicle occurs. The total mass of the system is thus
tot=mmag+mcool, and the effective power generation can be

valuated for each candidate design. Note that the quantities cal-
ulated here are per unit length of the MHD panel.

1Calculations by Candler �22� indicate that the total heating rate on the vehicle
urface is approximately in equilibrium with radiative cooling and heat flux into the

ehicle when the surface temperature is 1500 K.

2 / Vol. 74, JANUARY 2007
6 Optimization Results
The initial optimization will be performed using the parameters

in Table 1. Thereafter the separate influences of several param-
eters will be explored.

A wide search through probable candidates for geometric and
internal variables �including all combinations of those in Table 2�
indicates that an optimal design is achieved by using an aluminum
solenoid with element width 2w=0.6 m, solenoid arm width b
=0.12 m, solenoid thickness h=0.02 m, TBC thickness tTBC
=0.0025 m, and current density J0=12 MA/m2 �equivalent to
28,800 amp turns�. This array generates a net power Pnet
=538 kW/m. The total power generated is 588 kW/m, with
50 kW/m expended to power the solenoid. The mass of the sole-
noid is 26 kg/m, and the mass of coolant is 79 kg/m. At very
long flight times, tf �6000 s, copper becomes preferable to alu-
minum because of its higher conductivity. Permanent magnetic
arrays are uniformly rejected because the magnetic fields are not
sufficiently large to be competitive.

The procedure is illustrated by results for the net power/total
mass at fixed TBC thickness �Fig. 8� with each curve representing
a specific thermal conductivity. Each point on every curve repre-
sents a design with maximum effective power. Note that the
shapes of the curves are similar to that shown in Fig. 7.

Variations of net power density with power are illustrated in
Fig. 9. This plot shows that power density can be significantly
increased by increasing the thickness of the TBC. It is also appar-
ent that there is a maximum net power density for each value of
TBC thickness.

Trends in the maximum are reexpressed in Fig. 10, using the
loci through the maxima of each curve in Fig. 9. This result pro-
vides direct guidelines for the material to be used as the thermal
barrier �based on the thermal conductivity range� and the thick-
ness required to achieve the maximum net power density. It is

Table 1 Standard values for optimization parameters

Parameter Value

Exchange constant 	 5 kW/kg
Flight time tf 1000 s
TBC thermal conductivity k 0.5 W/mK
Temperature gradient through TBC �T 600 K
Cooling system mass coefficient � 0.15
Total panel width wtot 1.2 m
Shock layer velocity u0 6 km/s
Plasma conductivity �0 100/�m
Reference TBC thickness 2.5 mm
Potassium seeding �by mass� 1%

Table 2 Values of design parameters used in the finite element
simulations. Note that the values used for the solenoid arm
width b are dependent upon the solenoid half-width w; b is
taken to be the integral part of the calculation.

Design parameter Values simulated

Solenoid half-width w �m� 0.1, 0.12, 0.15, 0.20,
0.25, 0.30, 0.60

Solenoid thickness h �m� 0.01, 0.015, 0.02, 0.0225,
0.025, 0.03, 0.04, 0.045

Solenoid arm width b �m� w/7 x �1, 1.5, 2, 2.5, 3,
3.5, 4, 4.5, 5, 6�

Thickness of TBC layer tTBC �mm� 1, 1.5, 2, 2.25, 2.5, 2.75,
3, 3.5, 4, 4.5, 5

Current density J0�MA/m2� 10, 11.25, 12, 13.25, 14.25, 15, 15.5,
16.25, 17.5, 20, 22.5, 25, 30, 35, 40
Transactions of the ASME
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lear that maximum net power density increases rapidly as k is
ecreased below 0.2 W/mK; when k is very low, the TBC thick-
ess becomes less important.

Varying the number of magnetic elements reveals that the maxi-
um effective power occurs when N=2. This optimum arises be-

ause the increase in the flux density near the surface of the ve-
icle upon increasing N is counteracted by the rate at which the
ux density declines with distance from the vehicle. The enhance-
ent in net power enabled by reducing the extra weight of the

ooling system is indicated on Fig. 11. At low 	, the design is not
ensitive to the cooling system efficiency, because the additional
ass of cooling water does not carry a large weight penalty. As 	

ncreases, the design becomes more sensitive to cooling system
fficiency. This figure expresses the benefit of designing a light-
eight pumping system.

Implications
The analysis has demonstrated that MHD power panels located

ithin a re-entry vehicle have the potential to generate usable

ig. 8 Net power generation versus total mass at constant
BC thickness tTBC=2.5 mm for varying TBC thermal
onductivity

ig. 9 Net power density as a function of net power for con-
tant TBC thermal conductivity k=0.5 W/mK and varying TBC

hickness
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power. The optimization indicates that it is possible to design a
1.2 m wide panel which will generate 0.6 MW/m length at a total
mass of approximately 110 kg/m. However, stringent technologi-
cal challenges need to be satisfied before such a panel can be
brought to fruition.

1. Effective injection and mixing of the seed material are
essential and remain to be demonstrated.

2. Water must be stored on board and a lightweight recircu-
lation system developed that pumps the water through
the panel and then ejects it from the vehicle.

3. A thermal barrier material with low thermal conductivity,
such as Gd2Zr2O7, must be deposited on the surface of
the panel at unprecedented thickness. It must resist spal-
ling during manufacturing, as well as when subject to a
thermal gradient on reentry.

4. A bond coat must be developed for titanium alloys that
survives manufacturing and remains intact when exposed
to reentry.

The importance of thermal management is emphasized: For the
example cases, approximately 75% of the total mass of the MHD

Fig. 10 Maximum net power density as a function of TBC ther-
mal conductivity for varying TBC thickness

Fig. 11 Variation of net power generation with the cooling sys-

tem mass coefficient �
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ystem is coolant. Preliminary materials and manufacturing as-
essments indicate that Gd2Zr2O7 having the requisite thickness
an be deposited onto superalloys by using plasma-assisted, di-
ected vapor deposition �DVD� �24�. It remains to determine
hether Gd2Zr2O7 can be deposited on titanium alloys at the re-
uired thickness and pore structure and adhere, as well as resist
elamination in a thermal gradient. Depositing a bond coat on the
lloy that oxidizes to form �−Al2O3, such as TiAl3, would be
ssential. These materials and manufacturing issues would need to
e clearly specified and resolved before embarking on MHD panel
evelopment.
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