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Theoretical performance calculation is made of a scramjet propulsion system incorporating a magnetohydro-
dynamic (MHD)-energy-bypass scheme. The MHD generator upstream of the combustion chamber slows down
the � ow so that the Mach number at the entrance of the combustion chamber is kept below a speci� ed value. The
MHD accelerator downstream of the combustion chamber accelerates the � ow, expending the electrical power
produced by the generator. The � ow is seeded with potassium or cesium, and the MHD devices operate as Faraday
machines. Friction is neglected, and chemical equilibrium is assumed everywhere except in the nozzle downstream
of the freezing point. The calculation shows that the MHD-bypass scheme can improve speci� c impulse over that
of a conventional scramjet at � ight speeds over 3.5 km/s. At speeds below about 6 km/s, the calculated speci� c
impulse can be higher than that of a typical rocket engine. Consequently, the MHD-bypass scheme can extend the
operational range or improve the performance of a conventional scramjet engine.

Nomenclature
A = cross-sectionalarea, m2

B = applied magnetic � eld, T
E = voltage gradient, V/m
H = total enthalpy (h u2 /2), J/kg
h = static enthalpy, J/kg
j = electrical current density, A/m2

p = pressure, Pa
q = � ight dynamic pressure, atm
u = axial velocity, m/s
V = � ight velocity, m/s
x , y = axial and transverse coordinates, m
a = load factor (E y / uB)
d = compression ramp angles, deg
q = � ow density, kg/m3

r = electrical conductivity,mho/m
s = average collision time, s
u = fuel equivalence ratio

Subscripts

ci = combustion chamber entrance
1 = MHD generator
2 = MHD accelerator

Introduction

F OR futuristic high-speed transportation the supersonic-
combustion-ramjet, i.e., scramjet, propulsion system has been

studied over many years. At least theoretically scramjet-propelled
vehicles can � y to a high hypersonic Mach number with a fuel
consumption rate comparable to that achieved at low speeds. One
major problem in the scramjet system in reaching high-� ight Mach
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numbers is the dif� culty in mixing of air with fuel at the molecular
level within a short distance at high local Mach numbers. The ma-
jor issue is the combustor length required for complete mixing of
air and fuel. This issue is signi� cant because the speci� c impulse
produced by the combustor decreases rapidly as the distance for
complete mixing increases.One solutionof this problem is to lower
the combustorentranceMach numberwith a magnetohydrodynamic
(MHD)-energy-bypassscheme.1

In Fig. 1 the speci� c impulses obtainable by an ideal frictionless
scramjet system are shown for the case where the Mach number
at the combustion chamber entrance Mci is unlimited and for cases
where it is limited to 2, 3, or 4. The calculation is made for a two-
dimensional system in which the � ow passes through four ramps of
equal angles shown schematically in Fig. 2 and described later in
detail. The ramp angles are changed arbitrarily until the best spe-
ci� c impulse is obtained. The fuel equivalence ratio is 1.0, and the
� ow through the nozzle is assumed to undergo a sudden freezing of
the main recombination mechanism OH H H2O. The detail of
the calculation method will be described later. For comparison, the
calculation by Billig2 and the values for a typical hydrogen-oxygen
rocket engine are shown. Billig’s values are those for which the
nozzle � ows are calculatedkinetically, i.e., accountingfor nonequi-
librium processes.

As Fig. 1 shows, at 3 km/s the speci� c impulse values from the
three cases are similar. However, at higher speeds the case with the
lower Mci gives lower speci� c impulses. If the combustion entrance
Mach number is limited to a � xed value, then it is apparent from
Fig. 1 that scramjet propulsion cannot produce a positive thrust
beyond a certain � ight speed. This is because, at such a high � ight
speed, in order to maintain the combustion-chamberentranceMach
number to four or below the inlet ramps must be steep. Billig’s
valuesare higherthan the Mci-unlimitedcase at low speedsprobably
because 1) the temperature of the injected fuel is assumed to be as
high as 2000 K in his work, whereas it is assumed to be at 500 K
in the present calculation and 2) a more ef� cient inlet compression
process is assumed in the work of Billig. At high speeds Billig’s
values are lower because friction loss is accounted for in his work.

One possible means of alleviating this Mach-number limitation
and extending the operating speed of scramjet propulsion system
to high Mach numbers is the use of the MHD-bypass scheme.1,3

If the air� ow entering the combustion chamber has an electrical
conductivity value above a certain minimum level, then one could
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Fig. 1 Comparison between the theoretical speci� c impulse of a frictionless scramjet, with and without limitation on combustion-chamber entrance
Mach number. The calculation (with friction loss and with � nite rate chemistry) by Billig2 is shown also for comparison.

Fig. 2 Schematic of the four-ramp MHD-bypass scramjet system.

conceivably decelerate the � ow by the use of an MHD generator to
bring down the � ow Mach number to the acceptable value. After
combustionan MHD acceleratorcould accelerate the � ow using the
electrical power produced by the generator. The scheme is shown
schematicallyin Fig. 2. By this approacha portionof the � ow energy
bypasses the combustion chamber.

For an MHD action to be practical, electrical conductivity must
be at least of the order of 50–100 mhos per meter. With an electrical
conductivityvalue below this level, the magnetic � eld strength and
the electrical voltage required for an MHD action become too large
to be practical. Electrical conductivity is determined mostly by the
degree of ionization. The required level of ionization occurs in air
at equilibrium for temperatures above 5000 K. By seeding air with
potassiumto a mole fractionof about10 3 , the requiredconductivity
can be obtained under equilibrium at about 3500 K. By seeding
with cesium, it can be obtained at temperatures as low as 2800 K.
(Note that isotopesproducingalpha particles for ionizingair are not
considered because of the health hazard.)

A possibility exists that the electrical conductivity required for
such an MHD device can be obtained under a nonequilibrium
condition,4 instead of the equilibrium condition envisioned in the
presentwork. By addingenergy preferentiallyto electronsby means
of an electron beam or intense optical radiation, the electron den-
sity could perhapsbe made suf� ciently high to produce the required
electrical conductivity even when the gas temperature is low. Such
a system has the potential advantageof enablingMHD action at low
� ight speeds.Such a systemis not consideredin the presentwork be-
cause of the uncertaintyabout the magnitudeof the energy required
to produceand maintain a high nonequilibriumelectrondensity and
about the extent of � ow heating produced by this energy addition.

The air� ow leaving the inlet in a scramjet system is at an elevated
temperature because of the compression in the inlet. If this temper-

ature is 3500 K, for example, then by seeding air with potassium,
an MHD-bypass scheme can function. Such a high temperature can
occur at � ight speeds above about 3000 m/s with relatively steep
inlet compression. At higher � ight speeds the required temperature
can be obtained with a shallower inlet compression angle.

In Fig. 3 the geometry of such an MHD-bypass system is com-
pared with that of a non-MHD system for a � ight dynamic pressure
of 0.5atm, velocityof 4500m/s, fuel equivalenceratioof 1, anda Mci

valueof 2. As seen here, in order for a non-MHD vehicle to produce
Mci of 2, the ramp angles d must be 21.25 deg. For an MHD-bypass
vehicle d becomes 15.7 deg. Because the MHD-bypass vehicle can
now tolerate a higher Mach number at the end of inlet compression
than a nonMHD-bypass vehicle, the loss in total pressure will be
less, and hence the pressuredrag on the inlet will be less. As a result,
the inlet drag for the MHD-bypass vehicle becomes less, as will be
shown later.

In the present work a theoretical calculation is performed to
predict the maximum possible theoretical performance of such an
MHD-bypass scramjet system. Assumptions made are the follow-
ing: 1) the � ow is inviscid everywhere;2) the seed material and fuel
are mixed perfectly without producing shock waves or viscous dis-
sipation;3) the electricalcurrentdensitiesthroughthe MHD devices
are uniform at each axial location; and 4) the gas is in thermochem-
ical equilibrium except in the region downstream of the chemical
freezing point in the nozzle.

Method of Calculation
The MHD-bypass scramjet system is assumed to be two-

dimensional and has a width of 1 m. The inlet compression is
achievedthroughfour ramps of equal angles d , as indicatedin Fig. 2.
The cowl bends the � ow twice and thus forms the third and the fourth
ramps, as shown.
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Fig. 3 Comparison of vehicle geometry between an MHD- and non-MHD-bypass scramjet system.

At the end of the fourthcompression,seedingis assumed to occur.
Liquid potassium or cesium is assumed to be injected into the � ow
instantly without causing shock waves or viscous dissipation. The
� owconditionafterseedingis calculatedby solvingtheconservation
equations for the mass, momentum, and energy.

After seeding the � ow enters the MHD generator. In the genera-
tor the � ow processes are assumed to occur one-dimensionally,i.e.,
uniformly across the device, under equilibrium, and under a con-
stant load factor a E y / uB . The value of a for a generator, a 1, is
always less than unity. The magnetic � eld intensity is selected so
that deceleration to the desired Mach number is completed within
the given lengths of the MHD device.

The governing equations for this one-dimensional � ow are5

q u
du

dx
dp

dx
j B (1)

q u
d(h u2 /2)

dx
j E y (2)

The electrical current density j is given by

j r (E y uB ) (3)

The axial voltage gradient Ex is related to the transverse voltage
gradient E y by

Ex X (Ey uB) (4)

The Hall parameter X is a product of the electron cyclotron angular
frequency x and the average collision time s for electrons

X x s (5)

The cyclotron angular frequency x is given by x 1.76
1011 B sec 1 . By integratingEqs. (1) and (2) along the streamline,
one obtains all � ow properties: j , Ex , E y , and X . The requirement
of mass conservationyields the required cross-sectionalarea of the
MHD device, which satis� es the constant a requirement. By mul-
tiplying E y by the height of the MHD channel so determined, one
obtains the voltage across the electrodes.

The electrical conductivity r and the average collision time s
are calculated using the method given in Ref. 6 with the collision
integrals given therein. For the collisions of neutral potassium or
cesium with other species, the collision integralsare estimated from
the atomic weights through an interpolation/extrapolation scheme.
The accuracyof thesecollisionintegralsis not importantbecausethe
contributionof the neutral seed species to the electrical conductivity
is small.

The � ow exiting from the MHD generator enters the combustion
chamber. Here, gaseous hydrogen fuel is assumed to be mixed in-
stantly without causingany shock waves or viscousdissipation.The
fuel is assumed to be pumped (in the liquid form) to a pressure of
2 107/u Pa. The pressure of 2 107 Pa, for u 1, is chosen con-
sidering the fact that it is about 2.5 107 Pa for the space shuttle

main engines. The divisionby u accounts for the fact that the pump
power remains � xed independently of the u value. The total tem-
perature of the fuel is assumed to be 500 K/ u , for the reason given
in the Appendix. The division by u here accounts again for the fact
that the heat available to the fuel is � xed. The high-pressure fuel is
assumed to undergo a supersonic expansion to an area ratio, where
the static pressurebecomes equal to that of the combustor entrance.
The cross-sectionalarea of the nozzle exit is added to the � owpath
cross-sectionalarea.

The combustionprocess is calculated assuming equilibrium.The
species included in the calculationare O, H, O2 , H2 , NO, OH, H2O,
K (or Cs), and K (or Cs ). The � ow exiting from the combustion
chamber enters the MHD accelerator. The � ow in the accelerator
is calculated by the same method as for the generator. The only
difference is that the load factor a 2 is greater than unity for the
accelerator.

The � ow exitingfrom the MHD acceleratorenters the nozzle.The
nozzle is assumed to be linear and two sided as shown schematically
in Fig. 2. At the beginning of the nozzle expansion, the � ow is
assumed to be in thermal and chemicalequilibrium.The nozzle � ow
is calculated by integrating the conservation equations assuming
equilibrium. At each point the Damköhler number (the ratio of the
� ow residence time to chemical reaction time) of the recombination
reaction

OH H M H2O M

is calculated.The � ow residencetime is de� nedas that time required
for the � ow to travel the distance that produces cross-sectionalarea
changes of 10%. The chemical reaction time is de� ned as that time
required for this recombinationreaction to producea 10% change in
the concentrationof OH, O, and H2O. Initially, the ratio of the two
times is greater than unity, and it then decreases with x . When the
Damköhlernumberbecomesunity, the chemicalreactionis assumed
to freeze. The reaction rates needed in this calculation are obtained
from Ref. 7. After freezing the process is taken to be isentropic
expansion with speci� c heat ratio calculated at every point.

The thrust is calculated as the difference between the outgoing
(at the tail of the vehicle) and incoming momenta (at the nose of
the vehicle), accounting for the presence of the de� ection at the
leading edge of the cowl (see Fig. 2). Speci� c impulse is calculated
by dividing this thrust by the sum of the � ow rates of the fuel and the
seed material. The overall MHD-bypass performanceof the system
is represented by the energy bypass ratio:

Energy bypass ratio Enthalpy extraction ratio

Electric power transferred
q uH A at generator entrance

q uH A at generator entrance q uH A at gen. exit
q uH A at generator entrance

(6)
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The changes in kinetic energy � ow 0.5q u3 A in both generator and
acceleratorare equal to this electricalpower transferred.The ohmic
( j E) loss ( joule heating) produces an increase in entropy S and
consequentlya decrease in the possible isentropic expansion work,
which could be transformed into kinetic energy of the � ow. This
loss of available energy for the system ( joules per second) is

loss q u A T dS (7)

This loss is proportional to 1 a 1 in the generator.Thus, the loss is

loss (electric power transferred) (1 a 1 ) (8)

Likewise, in the accelerator

loss (electric power transferred)
a 2 1

a 2

(9)

By writing out the equations of motion in an MHD device, one can
show that the loss of available energy appears as a pressure drop in
the device (generator or accelerator). The total loss becomes

total loss (electric power transferred) (1 a 1 )
a 2 1

a 2

(10)

Implicit in this statement is the tacit assumption that the power loss
in the electrical system by ohmic heating is zero.

Parameter Speci� cation
The length of the � rst ramp is assumed to be 10 m. The length of

the combustion chamber is assumed arbitrarily to be 0.4633 m. The
maximum allowed length of the MHD generator is set arbitrarily to
2.721m, whereas that of the acceleratoris set to 2.846 m. The length
of thenozzleis set arbitrarilyto 20.23m.The � ightdynamicpressure
q q V 2 /2 is variedbetween0.25 and 1.0 atm. The fuel equivalence
ratio is varied between 1 and 2. The load factor E y / uB is varied:
for the generator it is between 0.8 and 0.95; for the accelerator it
is between 1/0.95 and 1/0.8. The seeding mass fraction is varied
between 10 3 to 3 10 3 . The freestream temperature is assumed
to be 250 K. The combustor entrance Mach number Mci is varied
between 2 and 4. The � ight speed is varied from 3 to 8 km/s. The
ramp angles are varied from 3 to 25 deg.

Table 1a Summary of a typical solution
(Figs. 4a–4f): Compression stage

Flow First Second Third Fourth
variable Freestream ramp ramp ramp ramp

Velocity, m/s 4500 4229 3925 3597 3244
Temperature, K 250 1566 2454 3083 3592
Pressure, Pa 3.607e2 1.005e4 5.246e4 1.864e5 5.359e5
Mach number 14.45 5.320 4.644 3.741 3.077

Table 1b Summary of a typical solution (Figs. 4a–4f): MHD

Generator Generator Accelerator Accelerator
Quantity entrance exit entrance exit

Height, cm 6.473 11.50 11.65 7.86
Length, m —— 2.696 —— 2.394
B � eld, T 8.010 8.010 9.559 9.559
Hall parameter 4.056 4.681 3.183 3.510
Transverse E , V/m 24,650 16,020 18,850 30,850
Axial E , V/m 5,000 3,974 3,000 5,415
Voltage across electrodes, V 1,596 1,843 2,196 2,427
Current density, A/m2 9.160e4 6.161e4 4.319e4 7.139e4
Velocity, m/s 3,240 2,102 1,873 3,066
Mach number 3.072 2.000 1.538 2.522
Ionization mole fraction —— 9.739 10 5 7.799 10 5 ——
Electrical conductivity, mho/m —— 70.58 45.83 ——

If the MHD devices are long, the � ow therein can become sepa-
rated. Though there are no data on this phenomenon, it is probably
prudent to take the ratio of the length to the diameter of the MHD
devices to be not more than 20. As will be seen later, the height of
the MHD devices in the present two-dimensional calculation is of
the order of a few centimeters. This implies an allowed length of
MHD devices of only about 1 m. However, if a three-dimensional
compression were to be used, the MHD devices may have a square
cross section of, e.g., 30 30 cm. Such a device may have an allow-
able length of 6 m. With this possibility available no effort is made
in the present work to justify the arbitrarily set lengths of the MHD
devices.

Flowpath Behavior
In Figs. 4a–4f and Table 1 a typical result is shown. For this case

the � ight velocity is 4.5 km/s, and the angle of all four ramps is
15.7 deg. The overall inlet area ratio is 70.65. The load factors are
a 1 0.95 for the generator and a 2 1/0.95 for the accelerator.The
combustor entrance Mach number is 2, and the equivalence ratio
u is 1. The total temperature and the total pressure of the fuel are,
respectively,500 K and 2 107 Pa. The velocityof the fuel injector
nozzle exit is 3084 m/s. The mass fraction of the potassium seed
is 10 3 . The geometry of the vehicle is that shown in Fig. 3. This
particulardesign consumeshydrogenfuel at a rate of 3.042 kg/s and
potassium at a rate of 0.1030 kg/s (3.39% of fuel).

As Figs. 4a–4d and Table 1a show, from the � rst ramp to the
fourth ramp pressure and temperature rise, and velocity and Mach
number fall as expected. Seeding produces virtually no change in
thermodynamicconditionsbecausethe amount of seed is small. The
MHD generation reduces the pressure, velocity, and Mach number,
as expected. In the combustor the pressure and temperature rise
(from 4.636 105 to 7.017 105 Pa and from 3576 to 3622 K),
and the velocity and Mach number fall (Table 1b). In the MHD
accelerator the pressure falls, but the velocity and Mach number
rise.

One noticeable feature of the solution (see Table 1b) is that the
height of the � owpath channel is small: it is 6.47 cm at the entrance
to the seed chamber and 7.86 cm at the entrance to the nozzle. Such
smallheightswould resultin a laterallyelongatedcrosssectionof the
channel resulting in a large surface area and hence a large friction
loss. In the MHD devices such an elongated cross section would
result in a very dif� cultmagnetic � eldarrangement:there is no space
for the return path of the magnetic � eld. This dif� culty is a result
of the assumptionof two-dimensionality.In a real � ight vehicle this
would be avoided by compression in the third dimension. Hence,
no attention is paid in the present work to the awkward appearance
of the � ow path.

One consequenceof the unrealisticallysmall height of the � ow-
path is the low voltage developing across the opposing electrodes
(Fig. 4e): it is only 1596 V at the entrance of the MHD generator
and 2427 V at the exit of the accelerator. A wider � owpath will
produce a corresponding larger voltage across the electrodes. In
Fig. 4f and Table 1b the negative values of transverse voltage gra-
dient and electrical current in the MHD generator occur because
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a) Pressure

b) Temperature

c) Velocity

d) Mach number

e) Axial voltage gradient and voltage across electrodes

f) Electric current and Hall parameter

Fig. 4 Behavior of the � ow through the � owpath: V = 4.5 km/s, q = 0.5 atm, ramp angles ± = 15.7 deg, ®1 = 0.95, ®2 = 1/0.95, Mci = 2, and Á = 1.

the current is � owing in the direction opposite to that in the MHD
accelerator.

In the nozzle sudden freezing occurs at a Mach number, a veloc-
ity, a temperature, and a pressure of 3.73, 3919 m/s, 2907 K, and
5.605 104 Pa, respectively. At the freezing point the molar con-
centrations of O, H, and OH are relatively small, i.e., 1.52 10 2,
4.03 10 2, and 3.95 10 2, respectively. This indicates that a
substantial portion of the combustion energy is recovered in the
nozzle expansion prior to freezing. Molar concentrations of O2,
H2 , NO, H2O, and K are, respectively, 1.98 10 2 , 6.61 10 2,
1.17 10 2 , 0.2133, and 4.03 10 5 . The nozzle exit velocity
(4492 m/s) is slightly smaller than the � ight velocity because of
the losses by inlet compression and by MHD processes. The posi-
tive thrust is produced mostly by the increase in the mass � ow rate
(caused by fuel injection) and to some extent by the high static
pressure at the nozzle exit (2.845 103 Pa). The area ratios at
the freezing point and at the nozzle exit are, respectively, 7.008
and 60.2.

The electrical power transferred from the generator to the accel-
erator equals exactly the changes in the kinetic energies in these
devices. With the energy bypass ratio being 0.2926, according to
Eq. (6) 0.2926 of the � ow energy q uH A is taken away in the gen-

erator as the electrical power and later put back in the accelerator.
The total (sum of generator and accelerator) loss of available en-
ergy for conversion to kinetic energy later in the nozzle, given by
Eq. (10), is 0.05 0.05 0.1 of the electrical power transferred
and hence 0.02926 of the � ow power, q u H A. The overall perfor-
mance in terms of net thrust and speci� c impulse is 2.641 104 N
and 856.2 s, respectively.

In Fig. 5 the pressuredistributionfor the calculatedMHD-bypass
vehicleis comparedwith that for a non-MHD-bypassvehiclesubject
to the same constraint Mci 2. For the non-MHD-bypass vehicle
the ramp angle is d 21.25 deg, whereas the angle is 15.7 deg for
the MHD-bypass vehicle. The geometries of these vehicles were
shown in Fig. 3. In Fig. 5 the location of the end of the four
ramp-compressions is indicated for the two vehicles. Upstream of
this demarcationpoint, pressure produces drag; in the downstream,
pressure produces thrust. For the MHD-bypass vehicle the drag-
producingpressureis lower than that for the non-MHD-bypassvehi-
cle becauseof the smaller d . This is the reasonwhy the MHD-bypass
vehicle attains a higher speci� c impulse. The speci� c impulse is
856.2 s, which is nearly twice that of the typical rocket engine,
430 s, and which is more than twice that of the non-MHD-bypass
vehicle, 398.8 s.
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Fig. 5 Comparison between the pressure distribution for MHD-bypass and non-MHD-bypass vehicles.

Fig. 6 Comparison of speci� c impulses between MHD and non-MHD cases.

Parametric Study
For any � ight speed the speci� c impulse varies with the ramp an-

gle given.The highest speci� c impulse value is chosen by searching
through the solutions for a range of ramp angle values.

In Fig. 6 the highest speci� c impulse values obtained at each
given � ight velocity for the MHD-bypass scramjet system are com-
pared with those for the non-MHD-bypass system. As seen in the
� gure, up to a � ight speed of about 3500, 4000, and 4500 m/s, re-
spectively, for Mci 2, 3, and 4, there is not much difference in the
speci� c impulses attained between the MHD and non-MHD cases.
Above thosespeedsthe speci� c impulsevaluesfor theMHD caseare
appreciably higher than those for the non-MHD system. Between
3500 and 5300 m/s the speci� c impulses with MHD for Mci 2 are
higher than the rocket value, whereas, for Mci 4 the MHD system
remains superior to the rocket up to 6200 m/s.

In Fig. 7 the effect of � ight dynamic pressure q on speci� c im-
pulse is shown for V 4500 m/s, Mci 2, and potassiumseedingof
0.001 by mass. As seen here, speci� c impulse improves slightly as
q is increased for both MHD-bypass and non-MHD-bypass cases.
This is because, as pressure in the � owpath increases, the degree
of dissociation under equilibrium decreases and the freezing in the
nozzle occurs later so that more chemical energy is recovered into
the � ow kinetic energy in the nozzle.

Fig. 7 Effect of � ight dynamic pressure on speci� c impulse: V = 4.5
km/s, Mci = 2, ®1 = 0.95, and ®2 = 1/0.95.
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In Fig. 8 the effect of fuel equivalence ratio on speci� c impulse
u is shown. The u value is varied between 1 and 1.5 for the MHD
case. At higher u values choking occurs for the MHD case. As
seen here, speci� c impulse improves as u is increased. In Table 2
conservation of energy is checked. The energy � ows at the nozzle
exit for both u 1 and 1.5 are belowthe theoreticalavailableenergy
� ow values.The energy loss is causedby chemical lossesassociated
with incomplete recombination. Therefore, energy conservation is
satis� ed. The increase in speci� c impulse for u 1.5 is caused by
the increase in the mass � ow rate at nozzle exit and to the lower
combustor exit temperatures and to reduced dissociation.

In Fig. 9 the speci� c impulses are compared between the cases
where the seeding material is potassium and cesium, the seed mass
fraction being 0.001 for potassium and 0.003 for cesium. The mass
fraction must be higher for cesium because cesium is heavier. The
� gure shows that potassium seed is slightly better.

Table 2 Energy � ow tally

Quantity u 1 u 1.5

Air� ow rate entering combustor, kg/s 102.98 102.98
Energy in � ow entering combustor, J/s 1.0686 109 1.0686 109

H2 � ow, kg/s 3.042 4.563
Available chemical energy, J/s 3.647 108 3.647 108

Available energy at combustor exit, J/s 1.433 109 1.433 109

Calculated nozzle-exit energy, J/s 1.316 109 1.394 109

Fig. 8 Effect of equivalence ratio Á on speci� c impulse: ®1 = 0.95 and ®2 = 1/0.95.

Fig. 9 Comparison between potassium and cesium seeding: q = 0.5 atm, Á = 1, ®1 = 0.95, and ®2 = 1/0.95.

In Fig. 10 the effect of varyingthe load factors a 1 and a 2 is shown.
As the � gure shows, the speci� c impulse is a strong function of the
a . The closer the a to unity, the higherbecomes the speci� c impulse.
This is because the electrical energy converted to heat increases as
a deviate from unity, as indicated by Eqs. (8) and (9). This leads to
increased pressure losses and lower ef� ciency.

Discussion
The present calculationshows encouragingresults for the MHD-

bypassscheme.The shortcomingsof thepresentworkare theneglect
of the three-dimensionalityof the � ow in the MHD devices and of
the viscous losses. Accounting for the three-dimensionalityand the
viscous losses are the next step in this line of investigation.

In the present work the MHD devices were assumed to be of
Faraday type. Such devices have a drawback that the electrical cir-
cuits supplyingand extractingpower to and from the MHD devices
are complicated.This complexitycanbe avoidedbychangingthede-
sign to the diagonally connectedgenerator/accelerator loading con-
� guration. All other operating parameters will remain unchanged
from those of the present Faraday design.

One interesting observation of the present solutions concerns
the axial voltage gradient. As shown in Fig. 4e, the axial voltage
gradients are 5000 V/m or less. Two electrodes separated by an
insulator are known to start arcing between them if the voltage dif-
ference between them exceeds about 50 V. In MHD devices built
in the past for terrestrial use, the electrodes typically had widths of
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Fig. 10 Effect of varying the load factors ®1 and ®2.

about 1 cm, resulting in the axial voltage gradient limit of about
5000 V/m. The MHD system considered in the present work does
not exceed this voltage gradient limit.

The voltage gradients required in the present scheme are much
lower than those that would be required by a system using nonequi-
librium ionization such as that proposed in Ref. 3. Nonequilibrium
ionizationschemes produceelectricalconductivitiesthat are at least
one order of magnitude less than the equilibrium ionization values
achieved in the present scheme. To pass the same electrical current
density with this low electrical conductivity, the voltage gradient
must be very large, greatly exceeding the 5000 V/m limit. This is
one major dif� culty in realizing the MHD-bypass scheme relying
on nonequilibriumionization.

The technologies associated with MHD have been developed in
the past few decades. As a result, the technologies of seeding and
those of power generation are both well developed. However, the
technology of acceleration is relatively less developed. Research
and development must be carried out on the technology of MHD
acceleration before the feasibility of an MHD-bypass system can
truly be assessed. Additionally, light-weight 8-T magnets are still
years away from reality. Research and technology development are
also needed to address this issue.

Conclusions
If supersonic combustion is possible only at combustor-entrance

Mach numbers below a � xed value, then the MHD-energy-bypass
system can enhance the performanceof scramjet propulsionat high
� ight speeds by virtue of slowing down the � ow entering the com-
bustor. Consequently, the MHD-bypass system can extend the op-
erational range of a spacelinerwith conventionalscramjets. In other
words, the MHD system can delay the � ring of the rocket engine for
insertion of the single-stage-to-orbitspaceliner in low Earth orbit.

For a frictionless system with a load factor of 0.95, the MHD-
bypass system can produce a speci� c impulse better than a typical
rocket system to a � ight speed of about 6 km/s. Performance is
better for a higher � ight dynamic pressure and higher combustor
inlet Mach number, but is degradedgreatly as the load factor moves
away from unity.

Appendix: Estimation of Fuel Temperature
A hypothetical scramjet vehicle of 1 m width � ying at a speed

of 4500 m/s, with its fuel tank nearly empty, is assumed to have
a mass of 5 104 kg. Its lift force must balance its weight, which

is 9.8 5 104 5 105 N. The lift-to-drag ratio of the vehi-
cle is assumed to be 5. Then the drag force is 5 105 /5 105 N.
Flying at 4500 m/s, its drag work is 4500 105 4.5 108 J/s.
Assuming that friction drag is 1

3 of the total drag, the friction
work is 4.5 108/3 1.5 108 J/s. Of this friction work, accord-
ing to the theory for a highly cooled wall, 1

2 enters into the skin as
heat, which is 1.5 108/ 2 7.5 107 J/s. Assuming 30% of this
skin-heating energy is captured and used to heat hydrogen fuel,
the energy available for heating the fuel is 0.3 7.5 107 J/s

2.25 107 J/s. The rate of fuel injection for the case of equiv-
alence ratio of unity is calculated in the present work to be about
3 kg/s. Therefore, the enthalpy rise in the fuel by the addition
of this heat is 2.25 107/ 3 7.5 106 J/kg. Because the speci� c
heat of the hydrogen fuel is 1.409 104 J/(kg-K), the tempera-
ture rise in the hydrogen fuel caused by the rise in enthalpy is
7.5 106 /1.409 104 532 K.
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