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Fuel-Cell-Powered Magnetoplasma Jet Engine
with Electron Beam Ionization

Bernard Parent∗ and In-Seuck Jeung†

Seoul National University, Seoul 151-744, Republic of Korea

A fuel-cell-powered magnetoplasma jet engine (magjet) using electron-beam ionizers is here proposed for air-
breathing flight in the supersonic/hypersonic regime. The engine consists of a fuel-cell duct containing the power
source and of a high-speed duct producing most of the thrust through a magnetoplasmadynamic (MPD) accelera-
tor. To reduce the shocks and heat loads in the fuel cells, the enthalpy of the air is extracted beforehand through
a MPD generator. The power produced by the latter and by the fuel cells is then split optimally between the MPD
accelerator located in the high-speed duct and one located downstream of the fuel cells. The performance is assessed
through exact solutions of a quasi-one-dimensional model, which includes the effect of ion slip, Joule heating, and
heat dissipated through electron-beam ionization. The magnetic field strength as well as the mass-flow-rate ratio
between the high-speed and fuel-cell ducts are seen to affect the thrust considerably at lower Mach number, but
to have a smaller impact at hypervelocities. Flight beyond Mach 6 would necessitate substantial cooling of the fuel
cells caused by the ion slip effect preventing sufficient enthalpy extraction, independently of the magnetic field
strength. For a fuel-cell efficiency of 0.6 and a mass-flow-rate ratio of 5, the magjet delivers a specific impulse
within 15% of the one of the turbojet in the Mach number range 1–3 given a magnetic field of 8 T. From Mach
3 to 5, a magnetic field strength varying between 2 and 4 T is seen to be sufficient to match the performance of
conventional engines.

Nomenclature
A = cross-sectional area
A = Avogadro’s number, 6.02257 × 1023

a = speed of sound
B = magnetic field vector
b = term function of ξ and γ , defined in Eq. (10)
Cp = specific heat at constant pressure
Cv = specific heat at constant volume
E = electric field vector
e = charge of one electron, 1.60207 × 10− 19 C
e f = specific energy of the fuel, J/kg
F = thrust
g = gravitational acceleration, 9.81 kgm/s2

H = total enthalpy, h + q2/2
h = enthalpy, CP T
Isp = specific impulse
J = term related to the heat addition, defined in Eq. (5)
j = current density vector
k = electromagnetic load factor, Ey/qBz

kc = electron scattering rate constant
kdr = rate constant of dissociative recombination
M = Mach number
Ma = molecular weight of air, 0.029 kg
me = mass of one electron, 9.1095 × 10− 31 kg
mn = mass of a neutral molecule (for air, 4.815 ×

10−26 kg)
ṁ = mass flow rate
ṁfuel = fuel mass flow rate in the fuel cells
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ne = electron number density
nn = concentration of neutral components
P = pressure
P1 = power output from MPD generator in fuel cell duct
P2 = power generated by fuel cells
P3 = power input to the MPD accelerator

in high speed duct
P4 = power input to the MPD accelerator in fuel cell duct
P5 = excess heat generated by the fuel cells

and distributed to the air
Pdyn = flight dynamic pressure, ρ1q2

1 /2
Qi = heat addition originating from electron-beam

ionization
q = flow speed
T = temperature
v = velocity vector
x = engine streamwise coordinate
Yi = energy cost of an ion-electron pair using

electron-beam ionization, 35 eV, 5.61 × 10− 18 J
βe = Hall parameter for the electrons, β ′

e|B|/ρ
β ′

e = term related to the Hall parameter for the
electrons, ∼0.1

βi = Hall parameter for the ions, β ′
i |B|/ρ

β ′
i = term related to the Hall parameter for the ions,

β ′
e

√
(me/mn)

γ = ratio of specific heats, Cp/Cv

ηe = engine efficiency
ηfc = fuel cell efficiency
ξ = ratio between the heat and work terms part

of the energy transport equation
ξa = magnitude of ξ in high-speed duct
ξb = magnitude of ξ in fuel cell duct
ρ = density
σ = electrical conductivity
σe = effective electrical conductivity, σ/(1 + βeβi )
� = fraction of the power generated by fuel cells

and extracted from the incoming flow, which is
bypassed to the high-speed duct

φs = stoichiometric mass fraction between fuel and air

Subscripts

a = high-speed duct
433



434 PARENT AND JEUNG

b = fuel-cell duct
opt = optimal
x, y, z = vector components along Cartesian coordinates
1 = freestream conditions
1a, 2a, 6a = x stations in high-speed duct
1b, 2b, 3b, = x stations in fuel-cell duct
4b, 6b

Superscript

◦ = stagnation

Introduction

A IRBREATHING jet engines propulsing present-day aircraft
provide thrust through conversion of the heat added chemi-

cally into work, which is accomplished by compressing and ex-
panding the fluid before and after the heat addition, respectively.
Although this has proven to be a viable concept for flight over a
limited Mach-number range, extending the flight Mach-number en-
velope of airbreathing jet engines is not a trivial task. Difficulties
originate from the complicated compression process in the inlet,
which needs to be accomplished with minimal losses. To minimize
losses while maintaining a high pressure in the combustor, radical
variations in the design/geometry of the engine are needed as the
aircraft accelerates from rest to hypersonic speeds.

This prompted the development of substantially different engine
designs such as the turbojet, the ramjet, and the scramjet to cover
the flight Mach number envelopes 0–3, 3–7, and 7–15, respectively.
It follows that to operate from rest to high speeds the different de-
signs must be combined into one or somehow substituted to one
another during flight. Adding to the challenge are the high heat
loads characteristic of hypersonic flight effectively rendering any
type of mechanical control on the engine geometry a challenging
endeavor.

To circumvent these difficulties, a novel propulsion concept
dubbed the magnetoplasma jet engine, or magjet, is here proposed.
Contrary to conventional engines which are characterized by energy
addition to the flow as heat, the magjet is advantaged by electromag-
netic energy addition to the flow mostly as work, with the power
source being a stack of fuel cells. By not requiring the flow to be
compressed and expanded, the magjet can operate with little varia-
tions in geometry.

To prevent the occurrence of shocks and high heat loads in the
fuel-cell compartment, the enthalpy is extracted electromagnetically
such that the Mach number of the air does not exceed one at the
entrance of the fuel cell compartment (see Fig. 1). Flow deceler-
ation through electromagnetic energy extraction1−8 can result in a
lower temperature increase than would be obtained through standard

Fig. 1 Schematic of the fuel-cell-powered magjet.

gasdynamic deceleration. Further, it can be achieved in a constant-
area duct, hence not requiring significant variations in geometry as
the flight Mach number varies. To minimize performance penal-
ties originating from the enthalpy extraction process, the amount of
air decelerated electromagnetically is limited to the minimal value
needed for the fuel cells to operate.

The power generated through enthalpy extraction is combined
with the power produced by the fuel cells and is then deposited
to the flow mostly as work through electromagnetic momentum
addition processes, hence producing thrust. A portion of the power
is deposited to the flow exiting the fuel cells, and the remaining
power is deposited to the flow in the high-speed duct. The amount
of power bypassed to the high-speed duct is such that the thrust is
maximized.

One objective of this paper is to quantify the effect of the magnetic
field strength and of the mass flow rate ratio between the high-speed
and fuel-cell ducts on the performance of the engine. A second ob-
jective is to assess the Mach-number range in which the magjet can
yield gains in specific impulse compared to the turbojet or ramjet.
A third objective is to determine the maximum flight Mach number
for which the stagnation temperature in the fuel-cell compartment
can be kept to a reasonably low value.

The results are obtained through exact solutions of a quasi-one-
dimensional model of the Euler equations including the electromag-
netic source terms, the heat dissipated through electron-beam ion-
ization, and the Hall/ion-slip effects. In assessing the performance,
it is assumed that the energy conversion efficiency of the fuel cells
is of 0.6. Although future fuel cells are expected to reach an effi-
ciency approaching 0.7–0.8 (Ref. 9), it is here preferred to use a
value closer to the 0.4–0.5 efficiency exhibited by current fuel cells
intended for transportation purposes.10,11

Governing Equations
The steady-state quasi-one-dimensional flow equations for a

calorically and thermally perfect gas including the electromagnetic
source terms and the heat generated through electron-beam ion-
ization can be written as follows:

Continuity:

d

dx
Aρq = 0 (1)

Momentum:

ρq
dq

dx
+ dP

dx
= ( j × B)x (2)

Energy:

ρq
d

dx

(
h + 1

2
q2

)
= j · j

σe
+ Qi + q( j × B)x (3)

The gas is assumed thermally and calorically perfect, and the current
density is obtained from the electric and magnetic fields according
to Ohm’s law:

E = j/σe + B × v (4)

For simplicity, the electromagnetic Joule heating term j · j/σe and
work interaction term q( j × B)x shall be referred to in this paper as
the Joule heating and work interaction terms, respectively. The sum
between the Joule heating and the energy per unit volume added
through electron-beam ionization Qi shall be referred to as the heat
addition.

Exact Solutions
A brief outline of some exact solutions applicable to the gov-

erning equations under consideration is here given. For a complete
derivation, the reader can consult Ref. 12.

By defining J as follows

dJ ≡ γ − 1

γ

j · j + σe Qi

Pqσe
dx (5)
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the pressure and Mach number ratios take the form:

P2/P1 = (T2/T1)
γ/(γ − 1)[exp(J2 − J1)]

−γ /(γ − 1) (6)

M2/M1 = (T1/T2)
(γ + 1)/2(γ − 1)[exp(J2 − J1)]

γ /(γ − 1) (7)

which hold true for a constant-γ path in which no entropy generat-
ing phenomenon is present other than those caused by electromag-
netic Joule heating and to heat deposition from external ionization.
Although the latter two equations can be used for constant-area flow,
they are also applicable to a stream tube in which the area varies.

To express exp(J2 − J1) as a function of flow properties, we first
define the heat/work ratio ξ as

ξ ≡ ( j · j/σe + Qi )

[ q(j × B)x ]
(8)

Then, as long as ξ , γ , and the cross-sectional area are constant from
station 1 to 2, it can be shown that

exp(J2 − J1) = T ◦
2

T ◦
1

(
P◦

2

P◦
1

)(1 − γ )/γ

=
(

b − M2
1

b − M2
2

)(b − 1)/γ b(
M1

M2

)2/γ b

(9)

where b is a function of γ and ξ :

b = (γ + 1)(ξ + 1) − 2γ ξ

γ ξ(γ − 1)
(10)

In applying Eq. (9), it is important to ensure that only physically
meaningful solutions are obtained by verifying that the appropriate
condition is satisfied among the following:

b < M2
1 if M2 > M1 and M1, M2 ≤ 1

b > M2
1 if M2 < M1 and M1, M2 ≤ 1

b > M2
2 if M2 > M1 and M1, M2 ≥ 1

b < M2
2 if M2 < M1 and M1, M2 ≥ 1 (11)

Combining Eq. (7) with Eq. (9) and isolating T2/T1 yields the fol-
lowing relation for the temperature ratio in a constant-area duct:

T2

T1
=

(
b − M2

1

b − M2
2

)2(b − 1)/b(γ + 1)(
M1

M2

)[(γ − 1)2b + 4]/b(γ + 1)

(12)

As schematized in Fig. 2, for a flow in a constant-area duct in
which the electric field, magnetic field, and velocity vector are per-
pendicular to one another and where ξ , γ , and σeB2

z (k − 1) are
constant, the following holds:

σeB2
z (x2 − x1)(k − 1)

ρq
= bγ + 1

b(γ + 1)γ

× ln

{[
M2

2

(
b − M2

1

)
M2

1

(
b − M2

2

)
](b − 1)/b

exp
(

M−2
2

)
exp

(
M−2

1

)
}

(13)

where k is the work interaction parameter corresponding in this case
to Ey/qBz .

Fig. 2 Constant-area duct with perpendicular velocity, magnetic field,
and electric field vectors.

Fig. 3 Heat/work ratio in the energy extraction section as a function
of the flight Mach number.

Energy Extraction
At high flight Mach number, it is important to extract sufficient

enthalpy from the flow entering the fuel-cell duct: should the stagna-
tion temperature of the air be too high, the fuel cells would require
excessive cooling to operate. Because the amount of energy ex-
tracted is expected to be restrained by the amount of heat added, it
is hence important to minimize the latter. In this section, we wish
to find the maximum permissible value of the heat/work ratio in
the magnetoplasmadynamic (MPD) generator that would yield an
acceptable stagnation temperature in the fuel cells.

The ratio between the air stagnation temperature in the fuel cells
and the freestream temperature can be found starting from Eq. (12)
and using standard gasdynamic relationships:

T ◦
2b

T1
=

(
1 + γ − 1

2
M2

2b

)(
b − M2

1

b − M2
2b

)2(b − 1)/b(γ + 1)

×
(

M1

M2b

)[(γ − 1)2b + 4]/b(γ + 1)

(14)

where γ and M2b are set to 1.4 and 1, respectively. From the latter,
b can be determined for a given intake Mach number and ratio
between the stagnation temperature in the fuel-cell compartment
and the freestream temperature. From b, the heat/work ratio ξ can
be obtained from Eq. (10). The Mach number at the entrance of the
fuel cells is fixed to 1, which corresponds to the choking point for
MPD energy extraction in a constant-area duct.13

As Fig. 3 shows, a relatively high magnitude of the heat/work
ratio in the range 0.2–1 is restrictive on the maximum flight Mach
number attainable. Indeed, the maximal flight Mach number can-
not exceed seven for a fuel-cell compartment entrance stagnation
temperature five times the flow incoming temperature. Meanwhile,
upon reducing the heat to 2% of the work, it is possible to attain a
flight Mach number up to 15. However, as shall be seen in a sub-
sequent section, reducing the heat/work ratio to that level would be
very hard if not impossible to obtain in practice.

Thrust
High-Speed Duct

A general expression is here obtained for the force exerted by the
fluid on the high-speed duct in the direction of motion Fa . Neglecting
the viscous effects, assuming that the pressure is uniform and equal
to ambient on the outer surface of the engine, and assuming that the
pressure at the engine exit plane is equal to ambient, it can be shown
that

Fa/ṁaq1a = q6a/q1a − 1 (15)

Also, the difference in total enthalpies between station 1a and 6a
can be related to the power input as H6a − H1a =P3/ṁa , which,
after some algebra, becomes

2

(γ − 1)M2
1a

(
T6a

T1a
− 1

)
+ q2

6a

q2
1a

− 1 = 2P3

ṁaq2
1a

(16)
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where the temperature ratio can be expressed as a function of
(J6a − J1a) through Eq. (6) noting that the pressure ratio is one
in this case. Then, q6a/q1a is isolated in the latter and is substituted
back into Eq. (15) to yield

Fa

ṁaq1a
=

{
2
[
1 − exp

(
J6a − J1a

)]
(γ − 1)M2

1a

+ 1 + 2P3

ṁaq2
1a

} 1
2

− 1 (17)

The normalized thrust of the high-speed duct is hence seen to be a
function of the specific heat ratio, intake Mach number, normalized
power input, and a term related to the amount of heat addition,
exp(J6a − J1a). The latter shall be determined in a following section.

Fuel-Cell Duct
Similarly to the determination of the thrust for the high-speed

duct, Fb (the force exerted by the fluid on the fuel duct in the direction
of motion) is determined assuming that the flow pressure is equal to
ambient at the duct exit, and that the pressure on the outer surface
is equal to the one in the freestream. Following a similar approach
as in the preceding section, it can be shown that

Fb

ṁbq1b
=

{
2[1 − exp(J6b − J1b)]

(γ − 1)M2
1b

+ 1 + 2(P5 +P4 −P1)

ṁbq2
1b

} 1
2

− 1

(18)

Combined Thrust
The overall thrust F corresponds to the sum of the thrust of

the high-speed and fuel-cell ducts. Noting that the inflow prop-
erties are the same for both ducts and that P3 = �(P1 +P2) and
P4 = (1 − �)(P1 +P2), the normalized thrust can be shown to cor-
respond to

F

ṁbq1
= −1 − ṁa

ṁb
+

{
2[1 − exp(J6b − J1b)]

(γ − 1)M2
1

+ 1 + 2[P5 +P2(1 − �) − �P1]

ṁbq2
1

} 1
2

+ ṁa

ṁb

{
2[1 − exp(J6a − J1a)]

(γ − 1)M2
1

+ 1 + ṁb

ṁa

2�(P1 +P2)

ṁbq2
1

} 1
2

(19)

At this stage, the losses-related terms exp(J6a − J1a) and
exp(J6b − J1b) need to be determined as a function of known pa-
rameters and flow properties.

Determination of exp(J6a − J1a)
Because electromagnetic control is only applied between sta-

tions 1a and 2a in the high-speed duct, the term exp(J6a − J1a)
corresponds to exp(J2a − J1a), which can be obtained from Eq. (9),
provided that M2a is known. The Mach number at station 2a can be
found noting that the total enthalpy change from station 1a to station
2a corresponds to the ratio between the power input and the mass
flow rate, that is, ṁa H2a = ṁa H1a +P3. With the help of Eq. (12),
and noting that P3 = �(P1 +P2), the following is obtained:(

b − M2
1a

b − M2
2a

)2(b − 1)/b(γ + 1)(
M1a

M2a

)[(γ − 1)2b + 4]/b(γ + 1)

×
(

1 + γ − 1

2
M2

2a

)
= 1 + γ − 1

2
M2

1a

[
1 + ṁb

ṁa

2�(P1 +P2)

ṁbq2
1b

]

(20)

which yields the Mach number at station 2a for a given power gener-
ated by the fuel cells and the MPD generator located upstream of the

fuel-cell compartment. Those shall be determined in a subsequent
section as a function of the inflow conditions.

Determination of exp(J6b − J1b)
The term related to the heat addition and losses in the fuel-cell

duct can be shown to correspond to

exp(J6b − J1b) = exp(J2b − J1b) exp(J4b − J3b)

× (
T ◦

3b

/
T ◦

2b

)(
P◦

3b

/
P◦

2b

)(1 − γ )/γ
(21)

where the first two terms on the right-hand side (RHS) can be ob-
tained from Eq. (9), provided that the Mach number is known at the
entrance/exit of the fuel-cell compartment as well as at station 4b. In
this paper, the Mach number at the entrance and exit of the fuel-cell
compartment is always fixed to one, and an expression yielding M4b

can be obtained similarly to the one yielding M2a in the preceding
section:(

b − M2
3b

b − M2
4b

)2(b − 1)/b(γ + 1)(
M3b

M4b

)[(γ − 1)2b + 4]/b(γ + 1)

×
(

1 + γ − 1

2
M2

4b

)
= 1 + γ − 1

2
M2

3b

×
[

1 + M2
1b

M2
3b

T1b

T2b

T2b

T3b

2(1 − �)(P1 +P2)

ṁbq2
1b

]
(22)

where T2b/T1b can be expressed as a function of the Mach num-
ber at station 2b from Eq. (12) and where the temperature ratio
across the fuel-cells can be expressed as a function of the stagnation
temperature ratio T ◦

3b/T ◦
2b from standard gasdynamic expressions.

Equation (22) hence yields M4b given the stagnation temperature
ratio across the fuel-cells compartment as well as the normalized
power generation terms.The latter are now determined.

Power Generation Terms
A relationship between the power extracted in the energy extrac-

tion section and the Mach number at its extrema can be obtained
similarly to the expression shown in Eq. (20). Then, isolating the
normalized power extracted, we get

P1

ṁbq2
1b

= 1

2
− 1

(γ − 1)M2
1b

[
−1 +

(
b − M2

1b

b − M2
2b

)2(b − 1)/b(γ + 1)

×
(

M1b

M2b

)[(γ − 1)2b + 4]/b(γ + 1)(
1 + γ − 1

2
M2

2b

)]
(23)

with all of the terms on the RHS being user specified.
To determine the power generated by the fuel cells, it is assumed

that the entire amount of oxygen flowing in the fuel-cell duct is used
by the fuel cells to generate electricity. The power generated by the
fuel cells would hence correspond to the product of the fuel-cell
efficiency ηfc by the fuel specific energy e f and by the mass flow
rate of the fuel. Noting that ṁfuel = ṁbφs , it follows that

P2

/
ṁbq2

1b = (
1
/

M2
1b

)(
φsηfce f

/
a2

1b

)
(24)

where φs is the stoichiometric mass fraction between the fuel and
the air. Because hydrogen is the chosen fuel, φs and e f are hereafter
set to 0.03 and 142 MJ/kg (Ref. 14), respectively.

From the total enthalpy balance across the fuel-cell compartment,
a relationship exists between P5 and the stagnation temperature
ratio. Combined with Eq. (12), this would yield:

P5

ṁbq2
1b

= 1

M2
1b

(
b − M2

1b

b − M2
2b

)2(b − 1)/b(γ + 1)(
M1b

M2b

)[(γ − 1)2b + 4]/b(γ + 1)

×
(

1

γ − 1
+ M2

2b

2

)(
T ◦

3b

T ◦
2b

− 1

)
(25)
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Power Bypass Ratio
The ratio of the power bypassed to the high-speed duct � is

determined such that the thrust is maximized. The optimal value for
the power bypass ratio is hence a function of the same parameters
the thrust is a function of, that is,

�opt = f1

(
γ,

φsηfce f

a2
1

, M2b, M3b,
P◦

3b

P◦
2b

,
T ◦

3b

T ◦
2b

, M1, ξa, ξb,
ṁa

ṁb

)
(26)

where the Mach number at stations 2b and 3b is fixed to 1, the
stagnation pressure and temperature ratios in the fuel compartment
are set to 1, γ is set to 1.4, and φsηfce f /a2

1 is set to 26.06.
In Fig. 4, it can be seen that an increase in the flight Mach number

induces a considerable reduction in the power bypass ratio, espe-
cially when the mass flow rate ratio is high. This can be explained
as follows: because the thrust is sensitive to the mass flow rate for
a small intake Mach number, a high mass flow rate ratio induces a
significant fraction of the power bypassed to the high-speed duct at
low speed. On the other hand, at higher flight speed it becomes more
efficient to add more power to the slow speed flow exiting the fuel-
cell compartment, as a result of the thrust becoming progressively
more sensitive to the flow speed rather than the mass flow rate.

Keeping the mass flow rate ratio constant, Fig. 4b shows the
impact of the heat/work ratio on the power bypassed. It is apparent
that an increase in the value of the heat/work ratio in the high-
speed duct translates into a decrease of power delivered to the latter.
Similarly, an increase in the heat/work ratio in the fuel-cell duct
results into less power transferred to that part of the engine. This
is to be expected as an increase in the heat addition necessarily
translates into a smaller amount of power being converted into work:
to maximize the work, it is hence more efficient to raise the amount
of power delivered to the duct where less heat is generated. Indeed,
because the flow is not compressed significantly prior to the energy
addition most of the heat added does not get converted into work
and hence thrust.

a)

b)

Fig. 4 Optimal power bypass ratio as a function of the Mach number.

Efficiency
The engine efficiency is here defined as the ratio between the

thrust of the engine multiplied by the flight speed and the power
generated by the fuel cells, that is, ηe ≡ Fq1/P2 with the thrust
obtained from Eq. (19). The engine efficiency is seen to be a function
of

ηe = f2

(
γ,

φsηfce f

a2
1

, M2b, M3b,
P◦

3b

P◦
2b

,
T ◦

3b

T ◦
2b

, M1, ξa, ξb,
ṁa

ṁb

)
(27)

where the Mach number at the entrance/exit of the fuel-cell com-
partment is fixed to 1, the stagnation pressure/temperature ratios are
set to 1, the specific heat ratio is set to 1.4, and the term φsηfce f /a2

1
is given a value of 26.06.

A high mass flow rate ratio is seen in Fig. 5a to be very bene-
ficial to the efficiency at low flight Mach number where a two- to
three-fold increase of the latter can be obtained. However, it does
not increase significantly the efficiency at high Mach number. This
is caused in part by less power being bypassed to the high-speed
duct for increasing Mach number because a higher thrust can be
obtained by adding momentum to the slower flow exiting the fuel
cells. Moreover, this is caused partly by the higher kinetic energy
of the incoming air at high Mach number reducing the dependence
of the thrust on the mass flow rate.

Depicted in Fig. 5b, the efficiency is observed to be progressively
more sensitive to the heat/work ratio in the fuel-cell duct rather than
in the high-speed duct for increased flight Mach number. This trend
originates partly from the increasing fraction of the power being
bypassed to the fuel-cell duct as the Mach number is raised, hence
leading to a more pronounced sensitivity of the efficiency to the
losses occurring in that part of the engine. In addition, reducing the
heat/work ratio in the fuel-cell duct helps minimize the losses in
the generator, which can become substantial at high Mach number.
Indeed, it is emphasized that the heat-addition processes can be
regarded as losses because only a small portion of the heat can be
converted to work because of the small amount of compression.

a)

b)

Fig. 5 Engine efficiency as a function of the flight Mach number.
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Magnetic Field
In this section, the effect of the magnetic field strength on the

heat/work ratio is assessed. Because the magnetic field is depen-
dent on the conductivity, which itself influences the amount of heat
deposited in the flow through external ionization, it is convenient
at this stage to find a relationship between the ionization power
and the conductivity. Electron beams are here chosen as the exter-
nal ionizers as they are considered to be the less power-demanding
approach to sustain an adequate level of electrical conductivity in
low-temperature air.15

At steady state, assuming that the positive ion number density
equals the electron number density and that the prevalent elec-
tron loss mechanisms are the dissociative recombination processes
e− + O+

2 → O + O and e− + N+
2 → N + N, the electron number

density can be written as

n2
e = Qi/kdrYi (28)

where Qi is the ionization power per unit volume and the energy
cost of an ion-electron pair Yi can be taken as 35 eV, which is only
2–3 times the energy required to ionize air molecules.16 Taken from
the Kossyi et al. kinetic scheme for nonequilibrium discharges in
cold air,17 the rate constant of dissociative recombination kdr is set
to 10−13 m3/s assuming an electron temperature of 1200 K.

Equation (28) does not take into account electron loss mecha-
nisms other than those caused by dissociative recombination. For
instance, electrons could also be lost through dissociative attachment
reactions such as e− + O2 + 3.6 eV → O + O− or through third-
body electron attachment processes of the form e− + O2 + M →
O−

2 + M. Although dissociative attachment is probably insignifi-
cant and electron attachment could be balanced by detachment for
low-temperature air at high Mach number,16 such reactions are de-
pendent on the magnitude of the electric field as well as on the
electron temperature, which could vary significantly throughout the
flight Mach-number envelope of the magjet. Being outside the scope
of this paper, future studies are needed to substantiate the impact of
the inflow conditions and of the ionization power on the different
electron loss mechanisms.

Following the approach outlined in Chapter 6 in Ref. 18, an ex-
pression relating the effective conductivity to the electron number
density for a weakly ionized gas can be shown to correspond to

σe = e2ne

mennkc

(
1 + β

′
eβ

′
i B

2
z

/
ρ2

) (29)

where the concentration of neutral components can be taken as
nn = ρA/Ma and where the electron scattering rate constant kc

is set to 2 × 10−14 m3/s as suggested in Ref. 19.
The ionization power Qi can then be written in terms of the mag-

netic field and the heat/work ratio through Eq. (8) noting that the
current corresponds to σeqBz(k−1) through Ohm’s law. Then, com-
bining Eqs. (28) and (29) and substituting the effective conductivity
into Eq. (13) gives the following relationship between the magnetic
field and the Mach number:
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(30)

To yield the smallest ratio of Bz/ρ for a given heat/work ratio and
Mach-number change, the load factor k is such that one-third of the
heat originates from ionization and two-thirds from Joule heating:

k = 2
3 ξ + 1 (31)

which is obtained by setting to zero the partial derivative of the left-
hand side of Eq. (30) with respect to k. Equation (30) holds true in
a constant-area duct as long as Bz/ρ, ξ , γ , and k are constant along
the integration path.

a) Pdyn = 20 kPa

b) Pdyn = 50 kPa

Fig. 6 Magnetic field in the energy extraction section (Teslas).

Energy Extraction
Noting that ρq remains constant in the constant-area en-

ergy extraction section, that the dynamic pressure corresponds to
ρ1q2

1 /2 = ρ1q1 M1a1/2, and that the Mach number at the entrance of
the fuel cells is fixed to 1, Eq. (30) can yield Bz/ρ should ξ , γ , the
generator length, and the flight Mach number be given.

The magnetic field strength is plotted in Figs. 6a and 6b for a
dynamic pressure of 20 and 50 kPa, respectively. The incoming air
sound speed is set to 313.2 m/s, and the length of the generator is
set to 5 m. The assumption of a constant sound speed is good in
this case as the air temperature does not vary much throughout the
atmosphere.20

The lower magnetic field associated with a high flight Mach num-
ber is postulated to be caused primarily by the decrease in flow den-
sity as the Mach number is increased. A lower flow density would
require a lower magnitude of the magnetic field for primarily two
reasons: 1) because the electromagnetic force acts on the flow on a
volume rather than mass basis, the density decrease induces a con-
siderable reduction in the magnetic field; and 2) a lower amount of
power needs to be diverted to the electron beam ionizers to attain
a given conductivity for lower flow density. The impact of the flow
density can also be seen through the effect of the flight dynamic
pressure: as the latter increases the density also increases, which
leads to a higher magnetic field strength.

Interestingly, there exists a limit in the reduction of the heat/work
ratio at a given Mach number, independently of the magnetic field
strength. This phenomenon, related to the Hall and ion slip effects,
can be explained as follows. To reduce the heat/work ratio, it is
necessary to increase the Stuart number with the latter being pro-
portional to the product between the effective conductivity and the
square of the magnetic field. When the Hall parameter reaches high
values (either as a result of a high magnetic field or a low flow den-
sity), the effective conductivity varies inversely proportional to the
square of the magnetic field. Therefore, because of the Hall and ion
slip effects the Stuart number would reach a finite value even in the
limit of an infinite magnetic field, hence limiting the reduction of
the heat/work ratio.

Momentum Addition
The magnetic field in the momentum addition sections can be

determined similarly to the one in the energy extraction section.
However, the Mach number at stations 2a and 4b is not user specified
but must rather be found through Eqs. (20) and (22).

The magnetic field is plotted in Fig. 7 for an incoming sound
speed of 313.2 m/s, a mass-flow-rate ratio of 5, a flight dynamic
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a) High speed duct

b) Fuel cell duct

Fig. 7 Magnetic field in the momentum addition sections (Teslas); the
flight dynamic pressure is of 20 kPa.

pressure of 20 kPa, a fuel specific energy of 142 MJ/kg, and with
the length of the momentum addition sections in the high-speed
and fuel-cell ducts fixed to 10 m and 5 m, respectively. Also, the
Mach-number, stagnation-pressure, and stagnation-temperature ra-
tios between stations 3b and 4b are set to unity.

Both in the fuel-cell and high-speed ducts, a pronounced influence
of the flight Mach number on the magnetic field can be observed
with a 15- to 60-fold reduction of the latter from Mach 1 to 7.
This is attributed primarily to two effects: 1) not as much power
is needed to ionize lower density flow to a certain conductivity;
2) because the Lorentz force acts on a volume basis rather than
a mass basis, not as high of a magnetic field strength is required
for lower density flow. Additionally, as was observed in Fig. 4, the
amount of power bypassed to the high-speed duct diminishes as the
flight Mach number increases, hence resulting in a further decrease
of the magnetic field in that part of the engine.

Although not shown here, an increase of the flight dynamic pres-
sure results in a similar magnetic field increase as in the energy
extraction section because of the greater amount of power neces-
sary to ionize higher density flow.

Specific Impulse
The specific impulse is defined here as the ratio between the

engine thrust and the fuel mass flow rate times the gravitational
acceleration, that is, Isp ≡ F/ṁfuelg. Noting that ṁfuel = ṁbφs , the
specific impulse takes the following form:

Isp = F

ṁbφs g
= Fq1P2

q1P2ṁbφs g
= P2

ṁbq2
1

ηeq1

φs g
= ηfce f

a1g

ηe

M1
(32)

whereP2 is taken from Eq. (24) and where the heat/work ratios in the
different parts of the engine are determined iteratively from Eq. (30)
with Bzρ1/ρ and the length of the MPD energy addition/extraction
devices fixed. This results in a different value of the heat/work ratio
in the high-speed duct as well as in the energy extraction/addition
sections of the fuel-cell duct. The specific impulse is hence seen to
be a function of the following parameters:

Isp = f3

[
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φsηfce f

a2
1

,
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ṁa
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]
(33)

a)

b)

c)

Fig. 8 Specific impulse vs the flight Mach number; all engines use
hydrogen as fuel.

where the Mach number at stations 2b and 3b as well as the
stagnation-pressure/temperature ratios across the fuel-cell compart-
ment are set to 1. Also, the fuel-cell efficiency is fixed to 0.6, the
incoming sound speed to 313.2 m/s, the fuel specific energy to
142 MJ/kg, the high-speed duct energy addition section length to
10 m, and the length of the energy extraction/addition sections in
the fuel-cell duct to 5 m.

The magjet specific impulse is plotted in Fig. 8 and compared
to the one of a turbojet and ramjet over their respective range of
operation. For a magnetic field strength of 8 T, mass flow rate ratio
of 5, and flight dynamic pressure of 20 kPa, the specific impulse of
the magjet is seen to be at least equal and up to 30% times higher
than the one of conventional engines throughout the Mach number
range 1.6–5. Even for a four-fold reduction in the magnetic field,
the magjet would still yield a specific impulse as high as the one
of the conventional engines at a Mach number of 4. This somewhat
small impact of the magnetic field on the magjet performance at
high Mach number is related to the Hall and ion slip effects: for
flight along a constant dynamic pressure path, the decrease in flow
density associated with higher flight speed entails very high Hall
parameters, which effectively prevent a reduction of the heat/work
ratio through a raise in the magnetic field.

Although the Hall and ion slip effects have a small impact on the
performance at low flight Mach number because of the high flow
density, the performance is there hampered by the higher energy
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required to ionize the flow. As attested in Fig. 8a, a magnetic field
strength in excess of 8 T is necessary to match the performance
of the turbojet for a Mach number less than 1.6. Another difficulty
facing the magjet in the low-Mach-number range is the choking
that would occur in the high-speed duct as a result of the significant
heat addition through ionization and Joule heating. This problem
could be overcome through a rise of the magnetic field, a rise in the
mass flow rate ratio, or a decrease in the flight dynamic pressure.
Alternately, the high-speed duct could be designed to allow bleeding
to prevent choking.

As can be observed in Fig. 8c, a change in the mass flow ra-
tio does not affect significantly the specific impulse at high Mach
number. This is partly caused by a smaller amount of power be-
ing bypassed to the high-speed duct, but this is also caused by the
higher kinetic energy of the incoming air. Indeed, a high-mass-flow-
rate ratio improves the engine efficiency considerably only when the
power added induces a high change in the flow speed, which is not
the case when the air kinetic energy is very high. On the other hand,
a 10-fold increase in the mass flow ratio can yield substantial gains
in specific impulse when the incoming air kinetic energy is lower,
with as much as a 60% increase observed at Mach 2.

Gains and Losses Through Fuel Cells
By maintaining the flow Mach number less or equal to one at the

fuel-cell compartment entrance through the use of a MPD generator,
no losses as a result of shock waves would occur through the fuel
cells. Nonetheless, some losses in stagnation pressure could still
be present because of skin friction or other phenomena. However,
even for a somewhat considerable stagnation pressure loss through
the fuel cells, the engine performance is seen not to be affected too
considerably at least up to a Mach number of 6. For instance, using
a mass flow rate ratio of 5, a dynamic pressure of 20 kPa, engine
length of 10 m, and a magnetic field strength of 8 T, the decrease
in specific impulse would be of only 7–13% in the Mach number
range 2–6 should the stagnation pressure decrease two-fold.Even for
a four-fold decrease in the stagnation pressure, the specific impulse
is seen not to decrease by more than 30% in the same Mach-number
range.

Further, these losses could be offset by the gains in thrust that
would occur should the excess heat generated by the fuel cells be
dissipated to the airflow. This can be assessed with the help of Eq.
(25), which would yield the stagnation temperature across the fuel
cells for a given value of P5. Assuming a constant-pressure heat-
addition process, the stagnation-pressure ratio would vary according
to12
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(34)

where T2b/T1b can be found from Eq. (12). For a mass flow rate
ratio of 5, a magnetic field of 8 T, a dynamic pressure of 20 kPa,
and P5 = 0.4P2, the effect of heat addition by the fuel cells is seen
to translate into a 12% increase in thrust at Mach 2. When the Mach
number is raised to 6, the increase in thrust is more considerable at
29%. This is because of the more substantial compression through
the MPD generator at higher Mach number, hence resulting in a
greater amount of heat being converted to work, and hence thrust.

Conclusions
A fuel-cell-powered magnetoplasma jet engine (magjet) using

electron-beam ionization is here proposed as a substitute to the tur-
bojet and ramjet for flight up to hypervelocities. Over conventional
engines, the magjet is advantaged by 1) a single engine design to
reach hypersonic velocities, 2) the lack of a brittle and hard-to-
cool variable geometry inlet, 3) the use of fuel cells yielding less

emissions, and 4) a possible higher air bypass ratio increasing the
efficiency and reducing the noise level.

Although the magjet has the potential to yield a specific impulse
equal or greater than the one of the turbojet or ramjet for flight up
to hypervelocities, there are some aspects of the engine that require
special attention and further study.

A high-mass-flow-rate ratio is found to be important to the per-
formance especially at lower Mach number. However, such a perfor-
mance gain would necessarily be accompanied by a greater engine
cross-sectional area, which could lead to performance penalties such
as increased engine mass and skin friction. Further studies are re-
quired to assess the impact of the mass flow rate ratio on the skin
friction as well as on the mass of the magnet, ionizers, and additional
equipment necessary to convert the low-voltage fuel-cell power out-
put to the high-voltage power input needed by the electron-beam
ionizers.

To prevent excessive heat loads and shocks from occurring in the
fuel-cell compartment at high speed, it is necessary to reduce the in-
coming air Mach number and stagnation temperature by extracting
sufficient enthalpy through a magnetoplasmadynamic (MPD) gen-
erator. In this way, the stagnation temperature can be kept within
five times the freestream temperature for a flight Mach number
less than six. At higher speeds however, the electron-beam power
requirements and the ion slip effect prevent the stagnation temper-
ature to be decreased to that level, independently of the magnetic
field strength. Substantial cooling of the fuel cells would hence be
required at hypervelocities. Furthermore, reducing the flow Mach
number to unity from hypersonic values using a constant-area MPD
generator could be particularly challenging to achieve because of
the possibility of boundary-layer separation and flow instabilities.

The magnetic field is seen to affect substantially the engine perfor-
mance especially at low Mach number where the ionization power
requirements are high and the Hall parameter is relatively low. For
a flight dynamic pressure fixed to 20 kPa, a specific impulse within
15% of the one of the turbojet can be obtained in the flight Mach-
number range 1–3 using a magnetic field of 8 T. From Mach 3 to 5,
a magnetic field strength varying between 2 and 4 T would be suf-
ficient. Although this is an encouraging value, it would nonetheless
entail a Hall parameter varying between 5 and 30 for the flow condi-
tions here considered. This could entail arcing between electrodes,
large streamwise currents, or other difficulties requiring further in-
vestigation.
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