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Magnetohydrodynamics Energy Bypass Scramjet
Performance with Real Gas Effects
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The theoretical performance of a scramjet propulsion system incorporating a magnetohydrodynamic (MHD)
energy bypass scheme is calculated. The one-dimensional analysis developed earlier, in which the theoretical
performance is calculated neglecting skin friction and using a sudden-freezing approximation for the nozzle � ow,
is modi� ed to incorporate the method of Van Driest for turbulent skin frictionand a � nite-rate chemistry calculation
in the nozzle. Unlike in theearlier design, inwhich fourrampcompressionsoccurred in thepitchplane, in the present
design the � rst two ramp compressions occur in the pitch plane, and the next two compressions occur in the yaw
plane. The results for the simpli� ed design of a spaceliner show that 1) skin friction substantiallyreduces thrust and
speci� c impulse and 2) the speci� c impulse of the MHD-bypass system is still better than the non-MHD system and
typical rocket over a rangeof � ight speeds and design parameters. Results suggest that the energy managementwith
MHD principles offers the possibility of improving the performance of the scramjet for the spaceliner application
and for the globecruiser application. The technical issues needing further studies are identi� ed.

Nomenclature
B = magnetic � eld strength, T
E = electric � eld strength, V/m
H = height of vehicle, m
h = reactor entrance height/width, m
Mc = combustor entrance Mach number
P = pitch (Fig. 3)
T = temperature,K
u = axial velocity, m/s
V = � ight velocity, m/s
x = axial distance, m
y = lateral distance, m
®1 = load factor (E y=uB ) for generator
®2 = load factor (E y=uB ) for accelerator
± = boundary-layermomentum thickness, m
µ = ramp angle, deg

Introduction

I N a scramjet propulsion system, one well-known dif� culty is
that combustion is inef� cient in the combustor when the Mach

number of the air� ow entering the combustor is high because of the
poor mixing between fuel and air. In Refs. 1–3, it was noted that en-
ergy management with magnetohydrodynamic (MHD) techniques
presenta possiblemeans for extendingthe � ight Mach number enve-
lope of conventionalengines. This idea can also be used to improve
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the performance of the scramjet combustor by the use of the MHD
principles.4 In the proposal, the � ow entering the combustor is to be
decelerated by the use of an MHD generator. The electrical energy
extracted from the MHD generator is expended to accelerate the
� ow by the use of an MHD accelerator after the combustion and
before entering the nozzle expansion.

In Refs. 4 and 5, the theoretical performance of such an MHD-
energy bypass scramjet propulsion system is calculated under sev-
eral simplifyingassumptions.The most important of those assump-
tions are that 1) the � ow is inviscid and, therefore, no friction drag
is produced, 2) the chemical reactions in the expanding nozzle un-
dergo freezing suddenly, and 3) inlet compression occurs by four
ramp compressions in the pitch plane. The calculation presents an
envelopeof speci� c impulsevaluesattainablewith sucha systemun-
der these assumptions and compares it with those for a non-MHD
scramjet system. The comparison shows that, in the � ight speed
range from about 3.4 to 4 km/s, the MHD-bypass system produces
speci� c impulses higher than the non-MHD system and a typical
rocket.

In the presentwork, theearliermethodof performancecalculation
is improved. The � ow is taken to be viscous, and the chemical
reactions occur at a � nite rate. The � rst two ramp compressions
occur in the pitch plane, but the next two ramp compressionsoccur
in the yaw plane. Other assumptions used in Ref. 4, such as ideal
one-dimensionalperformance of the MHD devices, are retained in
the present work.

The results show that � nite-rate chemistry produces nearly the
same results as the sudden-freezingapproximation, the new geom-
etry producesgenerally larger speci� c impulse, but the friction sub-
stantially reduces speci� c impulse. However, compared with the
non-MHD system, the MHD-bypass system is still superior in a
speed range from 3.0 to 3.9 km/s under certain restrictions on the
geometry. The areas needing further research and development are
identi� ed.

Method
Two-Plane Four-Ramp Design

In an idealized scramjet system, the compression of the air� ow
entering the combustion chamber is achieved through the use of
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Fig. 1 Quasi-one-dimensional single-plane four-ramp compression inlet system.4

Fig. 2 Schematic of two-plane four-ramp compression inlet system with shock patterns.

a curved ramp, which compresses air through a nearly isentropic
process to an angle typically of about 15 deg. At the end of this
compression, the � ow is turned abruptly in the inlet of the engine
so that the � ow becomes approximately parallel to the oncoming
freestream.The � ow then enters an isolatorwherein the � ow passes
throughmultiple weak shockwaves. The isolator isolates inlet oper-
ation from the effectsof combustion-induceddisturbances.The � ow
is generally three dimensional. The combustor following the isola-
tor is usually relatively long because a long distance is needed for
the � ow to complete combustion at high supersonic or hypersonic
speeds.

In Ref. 4, this complex compression process is approximately
represented by a simple four-ramp system. In that representation,
the � ow makes four turns of a same speci� ed angle within the pitch
plane, as shown schematicallyin Fig. 1. This design will be referred
to hereafter as single-plane four-ramp compression design. In this
design, the � ow entering the reactor (MHD generator plus combus-
tor plus MHD accelerator) has a laterally elongated cross section:
The width spans the entire vehicle and the height is only about few
centimeters. In an inviscid calculation, this elongated cross-section
had no consequences.

One drawback of the single-plane, four-ramp compression de-
sign is that it becomes dif� cult to construct the MHD devices with
elongated (high aspect ratio) rectangular cross sections. Both the
electrical and magnetic � elds will be easier to produce and have
reduced losses if the MHD devices have a square cross section.An-
other drawback is that the skin friction inside such as high aspect
ratio channel becomes large because the geometry produces a large
wetted-surface area. To reduce the skin friction to the minimum,
the wetted area inside the reactor must be kept to the minimum.
The minimum wetted area is obtainablewith a square cross section.
When other design factors are considered, a square cross section
could be nonoptimum or inappropriate.

As in the single-plane four-ramp design, all turn angles are as-
sumed to be equal. The consequences of deviating from this as-

sumption are discussed later. The � rst two turns are made within the
pitch plane, but the next two turns are made within the yaw plane,
as shown schematically in Figs. 2 and 3. The lengths of ramps are
speci� ed in this model such that, at the end of the four-stepcompres-
sion, the cross section of the � ow path is a square. The dimensions
of the design are uniquely determined by specifying the common
ramp angle µ and the height of the vehicle H (see Fig. 3). The over-
all length of the vehicle is � xed at 46 m. Of particular interest is the
pitch, P and the width and height of the reactor at its entrance h
(seeFig. 3). This design is termed two-planefour-rampcompression
design. The scramjet vehicle employing such a four-ramp system
is shown schematically in Fig. 4. Several of those engine units are
ganged laterally.

In Fig. 5, the reactor is shown schematically for both non-MHD
and MHD-bypass systems.For a non-MHDsystem, the reactorcon-
sists of an isolator, a fuel injector, and a combustor. For an MHD-
energy bypass system, the isolator must function also as a seeder
and an MHD power generator.A fuel injectormust follow the MHD
generator.The combustor, connectedto the fuel injector,must func-
tion also as an MHD accelerator. The lengths of these components
are chosen arbitrarily as shown in Fig. 5 for the present work. The
cross section is assumed to be always a square. The dimensions of
the square vary slightly for the MHD case becauseof the increase in
entropy due to joule heating and because of the � ow acceleration.

Inviscid Calculation Along Flow Path

As in Ref. 4, the � ow propertiesare assumed to be in equilibrium
up until the point in the nozzle at which chemical freezing takes
place. In the MHD generator and accelerator, the � ow is assumed
to be uniform across the cross section. The ideal one-dimensional
MHD equations, given in Ref. 4, are assumed to be valid. The pa-
rameter dictating the design of the MHD devices is the load factor
® D E y=u B. This parameter, the dimension of the entrance of the
MHD device (h for the generator and the correspondingdimension
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Side view

Plan view

Fig. 3 Flow path in the two-plane four-ramp compression inlet system.

Fig. 4 Schematic view of a scramjet vehicle employing two-plane four-
ramp inlet system.

Fig. 5 Schematic of the reactor.

for the accelerator, see Fig. 3), and the requirement that the MHD
action be completed at the end of the given length of the MHD
device completely specify the design of the MHD devices includ-
ing the magnetic � eld strength B, the electrical � eld strength in the
lateral and axial directions, E y and Ex , the electrical current, and
the Hall parameter.

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
� ow exiting from the MHD generator enters the combustion cham-

ber. Here, gaseous hydrogen fuel is assumed to be mixed instantly
without causing any shock waves or viscous dissipation.

In Ref. 4, the mass fractionof the seed substancewas varied. The
optimum values of mass fraction were found to be about 0.001 for
potassiumand 0.003 for cesium by mass. These values are assumed
in the present work throughout. The method of fuel injection is
described in Ref. 4.

To calculate the inviscid � ow properties,the expansionfollowing
the MHD accelerator is assumed to occur with a linearly increasing
cross-sectionalarea. The rate of increase of the cross-sectionalarea
is chosenso that, at the end of the expansion,the heightof the nozzle
equals the height of the vehicle, as indicated in Fig. 4.

In Ref. 4, the � ow properties are calculated for the expansion
region using a sudden-freezingapproximation.In the present work,
this is replaced by a � nite-rate kinetic calculation. The chemical
species considered are O, N, H, O2 , N2 , H2 , NO, OH, H2O, and a
seed substance, its ions, and electrons. The seed substance is potas-
sium K or cesium Cs. The forward (endothermic) reaction rates
[cm3/(mol-s)] are expressed as

k D AT n exp. Tr=T /

The parameters A, n, and T r are obtained from Refs. 6–9. They are
summarized in Table 1.

Skin Friction

The boundary-layer � ow along the wall in the � ow path is as-
sumed to be fully turbulent. Van Driest equations10 (see Ref. 11)
for fully turbulent � ow over a � at plate are used to calculate the
skin friction. These equations yield the skin frictionover a � at plate
between the given distances x1 and x2 away from the sharp leading
edge. At x1 , the equationsyield also the boundary-layermomentum
thickness ±1 . The thickness ±1 can be used interchangeably to de-
note the distance x1 . This relationship between ±1, rather than x1,
and skin friction is made into a routine in the present work.

This routine is then used in calculating the friction over a curved
surface or a � at surface with varying � ow conditions.The surface is
divided � rst into small segments of length 1x D x2 x1 D 0:05 m.
At the apex of the vehicle or the leading edge of the cowl, that is, the
secondramp (seeFig. 3), ± is zero.Over each 1x , the � ow properties
at theedgeof theboundarylayerare assumedto beunchanged.Then,
using the routine, the friction over that segment is calculated. The
calculation yields the ± value at the exit of this segment, ±2. This ±2

value is used in the calculation for the next segment, and so on.
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Table 1 Reaction rates used where M is the third body

M A;cm3=(mol-s) n T r Reference

H2 C M ! H C H C M
O 2.940e 18 1.0 52,500 Baulch et al.7

N 2.940e 18 1.0 52,500 Baulch et al.7

H 2.940e 18 1.0 52,500 Baulch et al.7

K/Cs 2.940e 18 1.0 52,500 Baulch et al.7

O2 2.940e 18 1.0 52,500 Baulch et al.7

N2 2.940e 18 1.0 52,500 Baulch et al.7

H2 7.350e 18 1.0 52,500 Baulch et al.7

NO 2.940e 18 1.0 52,500 Baulch et al.7

OH 2.940e 18 1.0 52,500 Baulch et al.7
H2O 4.780e 19 1.0 52,500 Ref. 8
KC /CsC 2.940e 18 1.0 52,500 Baulch et al.7

O2 C M ! O C O C M
O 5.090e 18 1.1 59,360 Park6

N 5.090e 18 1.1 59,360 Park6

H 5.090e 18 1.1 59,360 Park6

K/Cs 5.090e 18 1.1 59,360 Park6

O2 5.090e 18 1.1 59,360 Park6

N2 5.090e 18 1.1 59,360 Park6

H2 2.000e 18 1.1 59,360 Park6

NO 1.270e 19 1.1 59,360 Park6

OH 5.090e 18 1.1 59,360 Park6

H2O 8.270e 19 1.1 59,360 Park6

KC /CsC 5.090e 18 1.1 59,360 Park6

O H C M ! CH C M
O 2.400e 13 0.3 5,000 Baulch et al.7

N 2.400e 13 0.3 5,000 Baulch et al.7

H 2.400e 13 0.3 5,000 Baulch et al.7

K/Cs 2.400e 13 0.3 5,000 Baulch et al.7

O2 2.400e 13 0.3 5,000 Baulch et al.7

N2 2.400e 13 0.3 5,000 Baulch et al.7

H2 6.000e 13 0.3 5,000 Baulch et al.7

NO 2.400e 13 0.3 5,000 Baulch et al.7

OH 2.400e 13 0.3 5,000 Baulch et al.7

H2O 3.900e 14 0.3 5,000 Baulch et al.7

KC /CsC 2.400e 13 0.3 5,000 Baulch et al.7

H2 O C M ! O H C H C M
O 1.060e 25 2.5 61,000 Baulch et al.7

N 1.060e 25 2.5 61,000 Baulch et al.7

H 1.060e 25 2.5 61,000 Baulch et al.7

K/Cs 1.060e 25 2.5 61,000 Baulch et al.7

O2 1.060e 25 2.5 61,000 Baulch et al.7

N2 1.060e 25 2.5 61,000 Baulch et al.7

H2 2.650e 25 2.5 61,000 Baulch et al.7

NO 1.060e 25 2.5 61,000 Baulch et al.7

OH 1.060e 25 2.5 61,000 Baulch et al.7

H2O 1.720e 26 2.5 61,000 Baulch et al.7

KC /CsC 1.060e 25 2.5 61,000 Baulch et al.7

K C e ! KC C e C e
3.900e 33 3.78 45,180 Park6

Cs C e ! CsC C e C e
3.900e 33 3.78 45,180 Park6

N2 C O ! N O C N
5.690e 12 0.42 42,938 Bose and Candler9

O C N O ! N C O2

2.360e 9 1.00 19,220 Park6

H2 O C H ! H2 C O H
2.760e 10 1.12 10,250 Baulch et al.7

H2 C O ! H C O H
5.060e 4 2.67 3,166 Baulch et al.7

O2 C H ! O H C O
1.910e 14 0 8,273 Baulch et al.7

In the region of the third ramp (the hatched area in Fig. 3b),
the streamline starting at different lateral positions encounter the
third and the fourth shock at different locations. For this region,
the friction over a unit width is � rst calculated along � ve different
streamlines and is integrated to evaluate the total friction over these
panels using Simpson’s rule. Calculations showed that � ve stream-
lines lead to solutions that are accurate to within 0.1% compared to
those solutions with nine streamlines.

Fig. 6 Schematic of the transition from the MHD accelerator to one-
sided expansion.

Fig. 7 Flat plates assumed for friction calculation of the contoured
expansion region.

For the contouredportion of the expansion,shown schematically
in Fig. 6, accurate calculation of skin friction is dif� cult because
the contours are unknown. Here, skin friction is assumed to be that
of the four � at plates shown in Fig. 7. The lengths of these � at
plates are arbitrarily assumed to be 3 m as shown. The inaccuracies
in computing the skin-friction drag do not impact the conclusion
regarding which design, MHD or non-MHD, generates higher spe-
ci� c impulse because drag in both cases is computed in the same
manner.

Highest Speci� c Impulse

The combustor entrance Mach number Mc is varied as 1.5, 2.0,
and 2.5, which are within the realistic range of possibilities for a
scramjet combustor. The vehicle height H is varied as 3.5, 4, 4.5,
5, and 5.5 m, although most of the results are for 3.5 m. The load
factor pair, ®1– ®0

2 , is varied as 0.95–1=0.95, 0.90–1=0.90, and 0.80–

1=0.80. The fuel equivalence ratio is kept at unity for all cases, and
the � ight dynamic pressure is kept at 1 atm.

For a � ight speed V , the combustor entrance Mach number Mc ,
the vehicle height H , and the seed substanceand seed mass fraction
chosen, one can vary the ramp angle µ arbitrarily. The resulting
speci� c impulse value is a function of the ramp angle. Calculation
is performed at an interval in µ of 0.1 deg to � rst produce a table
of speci� c impulse vs µ . The ramp angle giving the highest speci� c
impulse is chosen from this table as the optimum ramp angle for
that condition.

The thrust is calculated as the difference between the outgoing
(at the tail of the vehicle) and incoming (at the nose of the vehicle)
momentum, (p C ½u2) £ area, minus the friction drag. Speci� c im-
pulse is calculated by dividing this thrust by the sum of the � ow
rates of the fuel and the seed material.
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Results
General Features of Solutions

In Fig. 8, the speci� c impulses obtained by the present method
are compared with those obtained by the sudden-freezingapproxi-
mation used in Refs. 4 and 5, for the single-plane four-ramp com-
pression system considered therein. The combustor entrance Mach
number Mc was 2 for this case. Skin-frictiondrag is not included in
this comparison. As seen in Fig. 8, there is only a small difference
between the kinetic and sudden-freezingcalculations.

In Fig. 9, the optimum vehicle geometry is compared between
typical MHD and non-MHD cases with friction and with � nite-
rate chemistry in the nozzle. For this case, V D 3:75 km/s, ®1 and
®2 are 0.95 and 1/0.95, Mc D 1:5, and H D 7 m. As indicated, the
optimum angle of the ramps for the MHD and the non-MHD cases
are µ D 17:1 and 22.1 deg, respectively. As has been pointed out
in Ref. 4, this difference in the optimum µ occurs because of the
constraint on Mach number Mc .

The pressure distribution along the � ow path for these two ve-
hicles is compared in Fig. 10. As shown here, because of the large
µ , the non-MHD vehicle is subject to a higher pressure in the inlet
region than the MHD vehicle. This causes larger form drag for the
non-MHD vehicle. The speci� c impulses for these two cases are
650 s for the MHD vehicle and 345 s for the non-MHD vehicle.

Figures 11a and 11b show for the two vehicles the friction drag
per meter of the vehicle width. Because µ is different between the
two vehicles, the friction drag values are slightly different on the
three ramps. The friction drag for these ramps is slightly larger for
the MHD case because the MHD case produces longer ramps. The
sum of the drags by the MHD generator, fuel injector, and the MHD
acceleratorfor the MHD vehicle,shown in Fig. 11b, is lower than the
sum of the dragsby the isolatorand the combustorfor the non-MHD
vehicle shown in Fig. 11a.

The details of a typical solution for a two-plane four-ramp com-
pression design are given in Table 2. The highlights of this solution

Fig. 8 Comparison of the speci� c impulse obtained by kinetic cal-
culation and that with the sudden-freezing calculation; ®1 = 0:95,
®2 = 1/0:95, and potassium seed.

Fig. 9 Comparison of the optimum con� guration between the MHD
and the non-MHD vehicles: V = 3:75 km/s, Mc = 1:5; H = 7 m, ®1 = 0:95,
®2 = 1/0:95, and potassium seed.

Fig. 10 Comparison of static pressure distribution over the MHD and
the non-MHD vehicles with friction and � nite-rate chemistry in the
nozzle: V = 3:75 km/s, Mc = 1:5; H = 7 m, ®1 = 0:95, and ®2 = 1/0:95.

are that 1) the height is 7 m, the ramp angle is 17.1 deg, and the
pitch is 2.82 m; 2) the vehicle produces74.7 ton of thrust per 1 m of
vehicle width and a speci� c impulse of 650 s (as opposed to 345 s
for the non-MHDvehicle); 3) the load factors®1 and ®2 are 0.95 and
1/0.95, respectively; 4) the magnetic � elds required for the MHD
generator and accelerator are 12.7 and 11.3 T, respectively; and 5)
the maximum axial voltage gradient of 5260 V/m slightly exceeds
the limiting value of 5000 V/m used in Ref. 4.

Parametric Study

In Fig. 12, the calculated speci� c impulse values for Mc D 1:5
are compared between the MHD case with potassium seeding and
cesium seeding and with ®1 D 0:95 and ®2 D 1/0.95, the non-MHD
case, and a typical rocket (with speci� c impulse of 450 s). The plot-
ted with-friction values are obtained by choosing the ramp angle µ
that maximizes the speci� c impulse while including friction in the
thrust calculation. That is, the design is optimized including fric-
tion. The without-friction values plotted are obtained by removing
friction from the thrust calculation for the same vehicle at the same
� ight condition. The without-friction values are, therefore, not of
the optimized vehicles.

As seen in Fig. 12, the skin frictionfor fully turbulent� ow greatly
reduces the speci� c impulse. The two MHD cases produce higher
speci� c impulses than the non-MHD case at � ight speed higher
than 3000 m/s. Potassium seeding gives about the same speci� c
impulse as cesium seeding. Compared with the single-plane four-
ramp results shown in Fig. 8, the present results show higher spe-
ci� c impulses when friction is ignored (without-friction values).
This is a result of the gradual expansion in the nozzle mentioned
earlier.

The effect of changing the combustor entrance Mach number Mc

on speci� c impulse is studied in Fig. 13. As seen here, the case of
Mc D 1:5 with MHD yields higher speci� c impulses than the non-
MHD case at � ight speeds above 3000 m/s. As Mc increases from
1.5 to 2.0 to 2.5, the advantage of MHD becomes smaller. The ef-
fect of the load factors ®1 and ®2 on speci� c impulse is studied in
Figs. 14a–14c. Speci� c impulse deteriorateswith ®1 and ®2 deviat-
ing further away from unity.

The impact of varying vehicle height H on speci� c impulse is
shown in Fig. 15 for V D 3:75 km/s and Mc D 1:5. When H is
increased, the speci� c impulse of the MHD-bypass vehicle is in-
creased. The speci� c impulse for the non-MHD vehicle also in-
creases slightly but at a slower rate. As a result, for this condition
the advantage of the MHD-bypass system increases at large H .

The optimum geometry of the present two-plane four-ramp com-
pressiondesign is one in which the reactor is located relativelyclose
to the leading edge, as shown in Fig. 9. The location of the reac-
tor can be moved aft by increasing the ramp angle of the third and
fourth ramps. Calculation was performed with the angle of the third
(and fourth) ramp that is 0.5, 0.75, 1.5, 2, and 2.5 times the angle
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Table 2 Summary of a typical solution

Parameter Value

Freestream
Flight speed 3.75 km/s
Flight dynamic pressure 1 atm (2116 psf)

(1.014£ 105 Pa)
Mach number 11.81
Freestream temperature 250 K
Freestream density 1.441£ 10 2 kg/m3

Freestream pressure 1.039£ 103 Pa
Number of ramps 4
Ramp angles 17.1 deg

Over � rst ramp
Pressure 2.440£ 104 Pa
Temperature 1422 K
Velocity 3471 m/s
Mach number 4.581
Pitch 2.820 m

Over second ramp
Pressure 1.181£ 105 Pa
Temperature 2219 K
Velocity 3157 m/s
Mach number 3.937

Over third ramp
Pressure 3.924£ 105 Pa
Temperature 2865 K
Velocity 2810 m/s
Mach number 3.066

Over fourth ramp (Dentrance to seeder)
Pressure 1.035£ 106 Pa
Temperature 3370 K
Velocity 2820 m/s
Mach number 2.422
Capture air � ow rate 378.3 kg/s
Enthalpy � ow 2.755£ 109 W/m

Seeding
Entrance height/width 64.85 cm
Overall inlet area ratio 46.93
Seeding material Potassium
Seed mass fraction 10 3

Seed � ow rate 0.3783 kg/s
Pressure 1.038£ 106 Pa
Temperature 3371 K
Ionization mol fraction 4.294£ 10 5

Electrical conductivity 32.42 mho/m

Entrance to MHD generator
Height/width of channel 64.85 cm
Magnetic � eld 12.74 T
Hall parameter 3.402
Transverse voltage gradient 29,400 V/m
Axial voltage gradient 5263 V/m
Voltage across electodes 19066 V
Current density 5:017 £ 104 A/m2

Pressure 1:038£ 106 Pa
Temperature 3371 K
Velocity 2429 m/s
Mach number 2.418
Enthalpy � ow 2.755£ 109 W/m

At exit of MHD generator
Magnetic � eld 12.74 T
Hall parameter 3.647
Transverse voltage gradient 18,290 V/m
Axial voltage gradient 3511 V/m
Voltage across electrodes 15572 V
Current density 8:175 £ 104 A/m2

Height/width of channel 85.14 cm
Pressure 9.667£ 105 Pa
Temperature 3365 K
Velocity 1511 m/s
Mach number 1.505
Length of generator 2.721 m
Enthalpy � ow 2.070£ 109 W/m
Power extracted 6.848£ 108 W/m

(Continued)

Table 2 Summary of a typical solution (continued)

Parameter Value

At entrance to combustor
Equivalence ratio 1
Fuel � ow rate 11.11 kg/s
Height/width of channel 85.14 cm
Pressure 9:667£ 105 Pa
Temperature 3365 K
Velocity 1511 m/s
Mach number 1.505

Fuel injector
Fuel Gaseous hydrogen
Total temperature 500 K
Total pressure 2 £ 107 Pa
Nozzle exit velocity 2865 m/s
Nozzle exit static pressure 9.668£ 105 Pa

At exit of injector section
Pressure 1.251£ 106 Pa
Temperature 3583 K
Velocity 1361 m/s
Mach number 1.147
Enthalpy � ow 2.150£ 109 W/m

At entrance to MHD accelerator
Magnetic � eld 11.28 T
Hall parameter 2.259
Transverse voltage gradient 30,990 V/m
Axial voltage gradient 1825 V/m
Voltage across electrodes 15071 V
Current density 2.898£ 104 A/m2

Height/width of channel 93.27 cm
Pressure 1.251£ 106 Pa
Temperature 3583 K
Velocity 1361 m/s
Mach number 1.147
Ionization fraction 5.583 £ 10 5

Electrical conductivity 35.87 mho/m
Enthalpy � ow 2.120£ 109 W/m

At exit of MHD accelerator (Dentrance to nozzle)
Magnetic � eld 11.28 T
Hall parameter 2.379
Transverse voltage gradient 31,470 V/m
Axial voltage gradient 3307 V/m
Voltage across electrodes 20,300 V
Current density 5.022£ 104 A/m2

Height/width of channel 72.98 cm
Pressure 1.185£ 106 Pa
Temperature 3574 K
Velocity 2342 m/s
Mach number 1.976
Length of accelerator 2.846 m
Enthalpy � ow 2.819£ 109 W/m
Power consumed 6.848£ 108 W/m

At nozzle exit
Area ratio 36.5
Pressure 9.763£ 103 Pa
Temperature 1943 K
Velocity 3872 m/s
Enthalpy � ow 2.843£ 109 W/m
Mach number 4.168

Overall performance
Energy bypass ratio 0.2820
Net thrust 7.322£ 104 N
Seed + fuel � ow rate 11.50 kg/s
Speci� c impulse 649.5 s

of the � rst (and the second) ramp. The overall length of the vehicle
is kept the same. In Fig. 16, the result of that calculation is shown.
As Fig. 16 shows, increasingthe third/fourth ramp affects the MHD
and the non-MHD cases differently. The highest relative advantage
of the MHD system is realized when the ratio is unity.

Discussion
In Ref. 4, a method was presented for assessing the theoretical

performanceof an MHD-energy bypassscramjetpropulsionsystem
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a)

b)

Fig. 11 Breakdown of friction drag per 1 m of vehicle width;
V = 3750 m/s, Mc = 1:5; H = 7 m: a) non-MHD vehicle, and b) MHD
vehicle; ®1 = 0:95, ®2 = 1/0:95 and potassium seed.

under several simplifying assumptions. In the present work, this
method of performance calculation is improved by eliminating two
key assumptions. The � ow is taken to be viscous, and the chemical
reactionsoccurat a � nite rate.The improvedmethodprovidesa more
realistic assessment of this propulsion concept than the previous
method did.

In thepresentwork, theboundarylayer in the � ow path is assumed
to be fully turbulent starting from the leading edge. The boundary
layer over the � rst ramp and the second ramp are no doubt at least
partly laminar. Consideration of laminar boundary layer over these
two components will lower the skin-friction values for these two
components. However, according to Figs. 11a and 11b, the contri-
bution of these two components to the total drag is relatively small.
The end result is that the inclusionof viscousfriction lowers speci� c
impulse substantially.

With the present design, the MHD-bypass system with Mc D 1:5
produces speci� c impulses that are better than those for the non-

Fig. 12 Comparisonof speci� c impulsewith friction between theMHD
case with potassium and cesium seed and the non-MHD case: Mc = 1:5,
®1 = 0:95, ®2 = 1/0:95 and H = 7 m.

Fig. 13 Effect of combustor entrance Mach number Mc.

MHD scramjet system and for a typical rocket engine between the
� ight velocity of 3000 and 3900 m/s. Over a wide range of design
parameters, the MHD-bypasssystem has an advantageover the non-
MHD system. At the � ight velocity of 3750 m/s with Mc D 1:5, the
speci� c impulse for the MHD case exceeds that of the non-MHD
case by about 305 s and that of the typical rocket by about 200 s. At
this condition,theMHD-bypasssystemoffersa clearadvantageover
the non-MHD case for the spacelinerapplicationand the hypersonic
cruiser application.

As already seen, the present two-plane four-ramp compression
design is superior to the single-plane four-ramp design in Ref. 4.
With the present design, performance is seen to be a complex func-
tion of the ramp angles and vehicle height. In reality, a portion of
compression will be by an isentropic compression instead of shock
compression. When isentropic compression is introduced into the
design, performance will be an even more complex function of ge-
ometry. This offers hopes for further improving the performanceof
the MHD-energy bypass scramjet system.

In reality, it would probably be rather dif� cult to realize some of
the assumptions made for the MHD system. First, the high com-
puted results for magnetic � eld in the magnetic devices are cur-
rently not feasible for the spaceplane or globecruiser application,
and lightweight MHD devices are not available for this application.
Second, the power loss in the electrical system outside of the � ow
path and the reverse current in the boundary layer of the MHD de-
vices are likely to lower the performance of the MHD devices. Ad-
ditionally, the skin friction through the MHD devices may be larger
than that for the non-MHD system, because the MHD devices have
electrodes that produce effectively a rough surface. Third, equi-
librium ionization with seeding requires temperatures greater than
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a) Mc = 1:5

b) Mc = 2:0

c) Mc = 2:5

Fig. 14 Effect of load factors ®1 and ®2 on speci� c impulse.

3000 deg K, presenting a challenge for designing an appropriate
thermal management system made of lightweightmaterials that can
withstand ultrahigh temperatures. Fourth, speci� c impulse of air-
breathing hypersonic propulsion system is very sensitive to vehicle
design and operation. Herein, a quasi-one-dimensional analysis is
undertaken to investigate a small design space. Three-dimensional
simulationsare essential for fully accounting the effects of the elec-
tric and magnetic � elds on the propulsive � ow� eld.

At moderate hypersonic � ight Mach numbers, energy manage-
ment using MHD devices allows operation of a scramjet engine as
if it was operated at low hypersonic � ight Mach numbers. A great
deal of research and development would likely be necessary for
the MHD devices to function as ef� ciently as assumed herein. The
viability of energy management with MHD devices needs to be de-
termined by conducting conceptual designs of realistic spaceliners

Fig. 15 Impact of vehicle height H on speci� c impulse.

Fig. 16 Effect of changingthe ratio of the third and fourthramp angles
to the � rst and second ramp angles.

and globecruisers and assessing vehicle performance using more
sophisticatedanalysis methods.

Conclusions
Energy management with MHD offers the possibilityof enhanc-

ing the performance of a scramjet engine. If the boundary layer
of the � ow in the propulsive � owpath for the MHD-energy bypass
scramjet propulsion system is fully turbulent, the length of the re-
actor for the MHD-system (MHD generator plus fuel injector plus
MHD accelerator) is the same as that of the non-MHD scramjet
system, the combustor entrance Mach number is limited to 1.5, the
height-to-length ratio of the vehicle is 7, and the MHD devices
function as assumed, then the speci� c impulse of the MHD system
is greater than that of the non-MHD system and a typical rocket
within a speed range between 3000 and 3900 m/s. In this speed
range, the MHD system offers an advantage over the non-MHD
system and a typical rocket system for the spaceliner application.
At the � ight speed of 3750 m/s, the speci� c impulse of the MHD
system is 305 and 200 s higher than that of the non-MHD sys-
tem and that of a typical rocket system, respectively.At this speed,
the MHD system offers an advantage over the non-MHD system
for the globecruiser application. At � ight speeds higher than 3900
m/s, the MHD system is still better than the non-MHD system, but
the absolute value of speci� c impulse is below that of a typical
rocket.

Speci� c impulse is a complex function of geometry; when ge-
ometry is varied and the analysis method is improved, further im-
provements in performancemay be possible.A system analysisof a
realistic spaceliner with MHD-bypass scramjet is recommended to
assess the viability of this propulsion concept. Major research and
technology issues are identi� ed.
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