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Analysis of the Magnetohydrodynamic Energy Bypass Engine

for High-Speed Airbreathing Propulsion

David W. Riggins*
University of Missouri—Rolla, Rolla, Missouri 65409

The performance of the magnetohydrodynamic (MHD) energy bypass airbreathing engine for high-speed propul-
sion is analyzed. The general relationship between performance and overall total pressure ratio through an engine
is described. Engines with large total pressure decreases, regardless of cause, have exponentially decreasing perfor-
mance. The ideal inverse engine is demonstrated to have a significant total pressure decrease which is cycle-driven,
degrades with energy bypassed, and is independent of any irreversibility. The ideal MHD engine (inverse engine
with no irreversibility except in MHD work interactions) is next examined and has an additional large total pressure
decrease. Fundamental characteristics of MHD engine flows from the standpoint of irreversibility are examined.
Severe constraints exist on allowable deceleration Mach numbers and required component volume due to both
losses and flow choking. Last, thermally balanced engine simulations utilizing inlet shock systems, chemistry, wall
cooling, fuel injection and mixing, friction, etc., are summarized for both the MHD engine and the conventional
scramjet. The MHD bypass engine has significantly lower performance across the Mach number range (8-12.2)
due to 1) additional irreversibility and cooling requirements associated with the MHD components and 2) total
pressure decrease associated with the inverse cycle itself.

Nomenclature

cross-sectional area, m?

speed of sound, m/s

magnetic field strength, Wb/m?
skin-friction coefficient (based on local
dynamic pressure)

specific heat—constant pressure, J/kg - K
electrical field strength, N/C

engine thrust, N

fuel-air mass flow rate ratio

gravitational acceleration at sea level, m/s>
lower heating value of fuel, J/kg (fuel); enthalpy, J/kg
engine specific impulse

flow Mach number

molecular weight

pressure, N/m?

heat added per mass of air, J/kg

gas constant, J/kg - K

entropy per mass, J/kg - K

temperature, K

fluid velocity, m/s

component volume, m?

= magnitude of component work interaction
per mass of air, J/kg

exponential factor in magnetohydrodynamics
work interaction

species 1 mass fraction

energy bypass ratio, W (extract)/CpTy;
ratio of specific heata

= second-law effectiveness (also known as load
factor), uB/Ey

fluid density, kg/m?

electrical conductivity, mho/m
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Subscripts

e = engine exit

eff = flow based

i = engine entrance

irr = irreversibility

surr = surroundings based
t = total

0 = freestream

Introduction

ROM the standpoint of engine performance, the successful de-

sign of high-speed airbreathing engines is largely driven by
adequately balancing the negative impact of irreversibility occur-
ring in the flowpath (inevitably very large at high flight Mach num-
bers) with the positive impact of combustion-generated heat release
(along with any fuel injection stream thrust).!> There are a num-
ber of related design issues that affect design and performance as
well. These include cycle effects on thermal efficiency, overall heat
load and fuel capacity, local heat loads, the degree of disassociation
occurring in the engine, flowpath configuration parameters, that is,
area ratios, etc. This investigation focuses on analyzing and clarify-
ing these and other design and performance issues for the specific
case of the magnetohydrodynamics (MHD) energy bypass engine
concept. In addition, the performance of the MHD bypass engine is
contrasted with the conventional scramjet engine concept across a
range of Mach numbers.

The aerospace Brayton cycle can be used to describe a wide range
of engine flowfields, including turbojets, ramjets, and scramjets.
For a more detailed and fundamental description of the thermody-
namic performance-based continuum of single-stream airbreathing
engines, see Riggins.’ The turbojet cycle is based on work addi-
tion (mechanical compression) upstream of the burner along with
(equal) downstream work extraction via mechanical turbines. The
turbojet represents the basic (conventional) aerospace Brayton cy-
cle. It is easily shown that, in the absence of all other issues, max-
imum overall engine efficiency mandates the maximum possible
upstream work addition, that is, compression, at any flight condi-
tion. Related directly to this statement is that the total pressure ratio
across the turbojet flowfield (exit to inlet) is greater than 1.0 and
increases with increasing upstream work interaction. However, ma-
terial thermal limits at combustor exit and chemical (disassociation)
effects limit the actual compression allowable in a turbojet engine.



780 RIGGINS

In addition, as flight Mach number is increased and the total pres-
sures and temperatures at the end of the inlet diffusion increase (due
to increasing freestream kinetic energy), the amount of allowable
upstream work addition decreases due to these same thermal and
chemical limits, that is, the net total temperature rise associated
with both compressor and burner is limited by the combustor exit
temperature limit. The use of mechanical compressors and turbines
also becomes increasingly problematic at high speeds. Eventually,
at high supersonic flight Mach number, the ramjet, which has no
work interaction devices, is preferred.

As flight Mach number increases further, the achievement of sub-
sonic combustion in a ramjet becomes increasingly difficult. This is
due to thermal and chemical limits and the inlet diffusion required
for obtaining subsonic flow in the burner. The scramjet concept (su-
personic combustion ramjet) reduces both inlet diffusion required
as well as static temperatures in the engine core by achieving com-
bustion at supersonic flowpath velocities. However, even for the
scramjet, the core enthalpies experienced at high flight Mach num-
ber are very large, and hence, the scramjet requires the use of fuel
as a thermal heat sink for surface cooling. This leads to injected fuel
equivalence ratios larger than one. Irreversibility associated with
supersonic mixing and combustion enhancement techniques also
is significant. In addition, for any engine concept, as flight Mach
number is increased, the ratio of energy per mass of air released by
chemical combustion to the total enthalpy per mass of air entering
the engine becomes very small, which results in rapidly decreasing
thrust—drag margins for the vehicle.

Because of the high total enthalpy and the large core flow losses in
the scramjet engine, the so-called inverse cycle jet engine has been
proposed for high-speed airbreathing flight.*~® The inverse cycle
can be viewed as a type (or variant) of the Brayton cycle. In this
investigation, the inverse cycle concept is specialized to the case in
which energy is extracted from the flowfield upstream of the burner
and is then returned downstream of the burner. Depending on the
amount of bypassed energy, the core of the engine (the combustor)
may operate at significantly reduced total enthalpy rates with re-
duced cooling requirements, possibly less disassociation, and lower
velocities (enhanced mixing and combustion performance, includ-
ing ignition and flame-holding benefits). However, this concept will
suffer from an inevitable reduction in thermal efficiency due to the
upstream energy extraction (opposite from a conventional turbojet).
The so-called deep-cooled turbojet scheme is a variant of the inverse
cycle engine, as noted in Ref. 4.

The MHD bypass engine, the specific engine concept examined
in this study, is a type of inverse cycle engine that has been proposed
for hypersonic airbreathing propulsion.”~? In this engine, axial body
forces on fluid elements in the engine flowpath are induced by per-
pendicular, that is, crossed, electric and magnetic fields within the
transverse plane. These body forces can lead to flow deceleration
(onboard electrical power generation) or provide flow acceleration
(onboard electrical power use). The decelerator and accelerator in
the MHD engine are analogous to the (mechanical) turbine and com-
pressor of the conventional turbojet, that is, fundamentally they are
work interaction devices and must be treated analytically from that
standpoint.

This paper provides a detailed investigation of the performance
of the MHD bypass engine. In the next section the absolute and gen-
eral dependence of the engine specific impulse and specific thrust
on total pressure ratio across a general engine flowfield is described.
This background is important because the MHD engine, as a type of
inverse cycle engine, has an inevitable cycle-related decrease in total
pressure across the engine that is completely independent of flow-
path irreversibilities. Then a detailed look is provided at this cycle-
related loss in total pressure for ideal (no irreversibility) inverse cy-
cle engines and performance losses related to that cycle-related loss.
The inevitable MHD-generated irreversibility is then quantified; this
irreversibility provides an additional total pressure decrease through
the engine in addition to the inverse cycle loss examined in the earlier
section. This quantification is done by examining the ideal MHD by-
pass engine. Here, ideal refers to the fact that only the irreversibility
inherent in the MHD work interaction processes is examined. The

next three sections use simplifying assumptions regarding constant
specific heats and heat release. The subsequent section is a summary
of a detailed study of MHD work interaction on the basis of the sec-
ond law of thermodynamics. This section provides the necessary
clarification of the fluid/thermodynamic envelope permitted for the
selection of MHD parameters used for high-speed work interaction.
Finally, the last section is a summary of a full comparative study of
the performance of MHD bypass engines and scramjets at a range
of flight Mach numbers. This study is based on engine flowfields
that incorporate variable specific heats, inlet shocks, hydrogen—air
finite-rate chemistry, friction, wall cooling, etc. In this section, a
direct comparison is made between the two engine types for the fol-
lowing quantities: 1) irreversible generation of entropy through the
engines in terms of individual component, 2) overall total pressure
losses through the engines, 3) engine specific impulses, 4) engine
specific thrusts, and 5) overall heat load.

General Engine Performance in Terms
of Total Pressure and Heat Input

The following equations detail the specific thrust and the specific
impulse of a general (single-stream) engine in terms of the total
pressure ratio across the engine (exit to inlet) and the heat input
in the engine (assuming engine inflows are known). The equations
are not analytical, that is, they are transcendental; however, they are
easily solved using a computer. They are provided here to emphasize
the influence of total pressure and temperature changes through the
flowpath on engine performance.

The general expression for the specific thrust of an airbreathing
engine (nondimensionalized by the ambient speed of sound) with or
without work interactions, that is, compressors, turbines, decelera-
tion modules, acceleration modules, etc., can be written as follows
(where conditions at freestream, 0, are the same as conditions at
engine entrance, i):

(F/puA)/ag = Mo[(1 + f)(ue/u;) — 1

+ (4 (1) y M) e/ui) — (1) 7M7) (Ac/ AD)] o)

where

u M, 0 \/1+[<y—1)/2]M5 o

u; My CpTi\| 1+ [(y — 1)/2]1M?

and M, is solved for in the following expression:
—-(y+D2(v -1
M1+ — DM} 7

= Mo(1+ A1+ 1y — 1)/2]M5}*(V+1)/2(y71)

X1+ Q/CpTi(Ai/A)(Pii/ Pr) 3

0 _ fh
Celi  CrTo{l + [y — D/2IM5}

f =< fstoichimetric (4)

stoichime rich
< = Juciciner for  f > fuoichimeric (5)
Celi  CrTo{l + [y — D/2I1M5}

The specific impulse /g, is then given as

Iy, = [(F/puA)/aollao/(fgo)] (6)

For H; in air, & is approximately 1.2 x 108 J/kg(fuel).
Note that these general relationships imply the direct functional
dependence of specific thrust and specific impulse I, as

(F/puA)/ap = funct(My, y, f, A./A;i, Q/CpTy, Pio/Pyi) (7)
I, = funct(My, v, f, A./Ai, Q/Cp Ty, Pio/ Py, ao, go) (8)

From these fundamental and general relationships, it can be eas-
ily shown that total pressure reductions in an engine, regardless of
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Fig. 1 Specific impulse and specific thrust dependence on total pres-
sure decrease through engine.

source or cause, always negatively impact vehicle thrust and specific
impulse. Conversely, total temperature increases always positively
impact vehicle performance. Of course, the two parameters (total
temperature and pressure) are often related because actual heat re-
lease (total temperature increases) occurs with irreversibility (total
pressure reduction). Figure 1 shows the general dependence of spe-
cific impulse and the nondimensionalized specific thrust for three
different flight Mach numbers vs overall total pressure decrease
through the engine. Here the fuel-air ratio f is chosen as stoichi-
metric for Hy—air combustion. (Temperature limits in the engine are
not mandated.) A very significant result seen in Fig. 1 is that for
large total pressure decreases, that is, very low P,/ P;;), the specific
impulse decreases exponentially. High-speed airbreathing engines
inevitably have very large total pressure decreases due to significant
flow losses occurring in the flowpath of the engine. This result will
figure prominently as the MHD bypass engine analysis is further
developed in subsequent sections of this paper.

Evaluation of the Performance of the Ideal
Inverse-Cycle Engine

In this section, the performance of the ideal ram/scramjet and the
ideal inverse-cycle engine will be examined. As stated in the Intro-
duction, the MHD bypass engine is a type of inverse-cycle engine: It
is, therefore, advantageous to study performance issues for the ideal
inverse-cycle engine before further specializing to the MHD bypass
engine. It is obvious that the performance obtained using ideal as-
sumptions ignores a large number of critical issues such as total
pressure losses associated with flow-path irreversibilities. These ef-
fects, of course, largely determine actual engine performance. In this
paper, irreversibility losses will be dealt with in subsequent sections.
However, it is instructive to first examine the ideal inverse engine
and the ideal ram/scramjet. This is done to gain a complete under-
standing of any inherent total pressure and total temperature drivers
within the flowpath for the general engine cycles under consider-
ation. For instance, if an ideal cycle has an inherent total pressure
decrease, this is an inevitable performance driver that will occur in
the actual nonideal engine. Such a loss should be thoroughly under-
stood and accounted for before additional losses due to irreversibility
are studied.

For this section, the term ideal engine refers to an engine in which
all components are ideal, that is, inlet, work interaction components,
and nozzle are all isentropic. Furthermore, the heat addition pro-
cess in the combustor is treated as complete and reversible. Such
assumptions lead to the permissible upper limits on performance
for any given engine type. Further simplifications, standard in any
ideal cycle analysis, are made to streamline this particular part of
the study: These assumptions include small fuel-air ratios and con-
stant thermodynamic properties. Again, these assumptions will be
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Fig. 3 Ideal inverse cycle schematic.

removed in later sections. Note that the absolute optimal energy
addition/extraction corresponds to isentropic work interaction. No
energy removal or addition, whether MHD based or not, can out-
perform an isentropic work interaction.

Consider an ideal ram/scramjet (Fig. 2). Here, the inlet and
the nozzle are isentropic (both adiabatic and reversible, implying,
among other things, frictionless and shockless). The heat addition
process in the combustor is considered reversible from the stand-
point of the flowpath. (This implies zero Mach number heat addition
where total temperature is equal to the static temperature.)

From the energy equation and second-law considerations,

T}e:Tti_*—Q/Cpﬁ P =P, (9)
Now, consider an ideal inverse cycle engine (Fig. 3) in which en-
ergy is isentropically extracted upstream of the ideal burner and is
completely returned to the flow downstream of the burner, again
in isentropic work-interaction processes. The inlet and nozzle are
assumed to be isentropic. The work interaction is assumed to be
complete, that is, no energy losses external to the flowpath between
upstream and downstream devices are considered.

From first-law considerations, T;, =T;; + Q/C, because the
work interactions in the flowpath are equal and opposite. The to-
tal temperature ratio through the engine can then be written as

To develop an expression for the total pressure ratio through the
engine, consider first the work extraction region where W is the work
per mass removed from the upstream component. Here, because the
flow is isentropic, the total pressure ratio through both the inlet and
the upstream work extraction region is given as

Ps/P; = (1—W/C,T,;)""7 =" (11)
Furthermore, through the burner,
Py/Ps3=1.0 (12)

and through the downstream isentropic work addition device and

isentropic nozzle,
1 C,T, y/(y =1
+ 0/C,T, ) (13)

& =
Py~ \1=W/C,T, + Q/C,T;

Now define the energy bypass ratio as follows:
B =W/C,T, (14)

This describes the magnitude of energy (work per mass of air)
removed from the upstream flow as a fraction of the entering
(freestream) total enthalpy per mass of air. The energy bypass ratio
must, of course, be less than one.
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Fig. 4 Total pressure ratio through ideal inverse-cycle engine as a func-
tion of energy bypass ratio.

Next define the overall total pressure ratio through the engine in
terms of the bypass ratio:

y/(v—=1
E 1= (Q : :B)/Cthi (15)
Py 1=+ 0Q/CpT,

An examination of this expression demonstrates that the ideal
inverse-cycle engine suffers an inevitable total pressure decrease
through the engine. This total pressure decrease becomes larger
with increasing energy bypass percentage. This is not surprising
from the thermal efficiency standpoint because heat is being added
at lower temperatures and pressures due to upstream total enthalpy
removal. Note that a standard turbojet cycle in which energy is added
upstream of the burner and extracted downstream of the burner can
also be analyzed using this methodology of analysis and shows an
inevitable increase in total pressure through the engine (at least in
the ideal case). The total pressure ratios as obtained from the pre-
ceding equation for ranges of bypass ratios and engine flight Mach
numbers are plotted in Fig. 4 to demonstrate this issue. For Fig. 4,
the amount of heat added in the burner was based on stoichimetric
hydrogen—air combustion, that is, f = 0.029, such that

0 _ fh
Gl C,L{1+1(y — /21M}}

(16)

Thus, for instance, for a flight Mach of 10 and an energy bypass ratio
of 0.5, the inevitable ideal flow total pressure drop in the inverse-
cycle engine corresponds roughly to the total pressure drop experi-
enced through a normal shock at a freestream Mach number of 3.2.

Also shown in Fig. 4 are three vertical lines that correspond to
the total pressure drops experienced for nonideal scramjets with
heat addition equal to the inverse-cycle engines at the same flight
Mach number (as indicated). The single nonideal process allowed
in the scramjet cases shown here is supersonic heat addition, (that
is, Rayleigh losses, which are defined here as losses associated with
heat addition at finite Mach number, are incorporated into the flow.
For these cases, the flow was just brought to choking by the given
amount of heat addition in each case. As an example, a nonideal
scramjet (as defined) at a flight Mach of 8.0 would suffer a drop
in total pressure of about 58%. Hence, for the ideal inverse-cycle
engine at flight Mach of 8.0, any energy bypass ratio larger than ap-
proximately 30% would suffer a proportionally greater total pressure
drop than the nonideal scramjet. This is due solely to the inherent
performance loss associated with the ideal cycle. Neither inverse-
cycle engine nor scramjet have any temperature limits imposed at
this point.

T, (combustor exit) = 3000K

m
Q
2
§ maximum possible I_ for ideal
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o 700 / Note: very small specific thrust
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6 P
8 %0
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to maximum specific thrust
for ideall turbojet/inverse cycle-engine

10 15
Flight Mach Number

Fig. 5 Specific thrust contours in I, vs flight Mach number envelope
for ideal airbreathing engines.

Note that such a comparison is unfair to the scramjet flowfield that
is developed with the very significant Rayleigh loss (heat addition
or combustion at finite Mach number), whereas the inverse cycle
results are ideal in every way. Even so, as can be seen from Fig. 4,
performance losses for the ideal cycle engine are already significant,
and these losses involve the base cycle, not irreversibilities, which
are not yet accounted for. Hence, whatever the merits or lack of mer-
its of the inverse-cycle engine (or any of its derivatives such as the
MHD engine), one thing is certain: The ideal inverse-cycle engine
has a large inherent total pressure drop due to the energy bypass,
which is fundamental and is not recoverable. This total pressure drop
increases rapidly with increasing bypass ratio. If this total pressure
drop combined with the drop due to inevitable irreversibilities in
the actual inverse-cycle engine is greater than that experienced by
an equivalent scramjet with all of its losses, performance of the
inverse-cycle engine in terms of thrust and specific impulse will be
less than that of the scramjet.

Because the central idea of the inverse-cycle engine is thermal
management, it is instructive to hold the temperature at burner exit
at a constant value (chosen here as 3000 K) in Eq. (15) and to vary
the bypass ratio and Mach number to calculate resulting specific
impulses and specific thrusts for the ideal engine. Figure 5 is the
resulting Iy, envelope obtained vs flight Mach number. In Fig. 5, the
upper (limiting) line defines the maximum possible I, that is able to
be obtained with the ideal inverse cycle. Contours of specific thrustin
Ns/kg at various Mach numbers and bypass ratios are plotted below
this line. As can be seen, the maximum possible I, line (upper edge
of the envelope) corresponds to zero specific thrust (which is not a
desirable situation). The lower (limiting) line, defining the bottom of
the displayed I, envelope, corresponds to maximum specific thrust
and is arguably a better estimation of the practical maximum /g, for
the ideal inverse cycle. In any event, the actual /;, and specific thrust
in a real inverse-cycle engine will always be lower than the values
shown for the ideal inverse cycle due to irreversibilities that are not
accounted for in this section.

Figure 6 is a companion plot of the same I, envelope except
that the corresponding bypass ratios (rather than specific thrust
contours) are shown in the form of contours within the I, enve-
lope. For instance, for a bypass ratio of zero (corresponding to the
ram/scramjet), a maximum possible Iy, of about 4000 s occurs at
approximately flight Mach of 7. However, at that point, the allowed
heat addition in the burner has been reduced to zero due to the im-
posed temperature limitation of 3000 K in the engine. Therefore,
this reduces the specific thrust to zero as indicated on Fig. 5. As
flight Mach number is reduced from 7 and holding the bypass ratio
at zero, maximum specific thrust is eventually obtained at a flight
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for ideal air-breathing engines.
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Mach of around 3.5, where the g, is about 5000 s. For the inverse-
cycle case with bypass ratio of 0.4, maximum I, (but zero specific
thrust) occurs at slightly less than Mach 10. Significantly, even for
the ideal engine (as will also be shown later when losses are con-
sidered), this indicates that no bypass ratio less than 0.4 will work
at flight Mach 10, as long as the temperature limit is held in the
burner. Finally, lines of negative bypass ratio in Fig. 6 correspond to
the turbojet cycle. This demonstrates the seamless ideal cycle per-
formance from turbojet to ram/scram to inverse-cycle engines. Note
that Figs. 5 and 6 are for the ideal inverse-cycle engine. As already
mentioned, actual Iy, and thrusts will be less (actually considerably
less) than these maximum possible theoretical limits.

Figure 7 is an extraction of information from Figs. 5 and 6. In
Fig. 7, the lower (limiting) line of the I, envelope (that correspond-
ing to maximum specific thrust) in Figs. 5 and 6 is separately plotted
vs both /i, and the corresponding bypass ratio necessary. The turbo-
jetrange (upstream work addition/downstream work extraction) and
the inverse-cycle engine range (downstream work addition/upstream
work extraction) are clearly shown in Fig. 7. Also shown for refer-
ence is the I, for an ideal ram/scramjet vs flight Mach number with
the same heat added in the burner as the inverse-cycle engine at the
same flight Mach number. However, for the ideal ram/scramjet, no
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Fig. 8 Inverse cycle engine performance at flight Mach 8,
Ticombustor exity = 3000 K (variable f').

temperature limitation was imposed in the engine. Note that, as ex-
pected, the I, for the ideal ram/scramjet is higher across the Mach
number range than the corresponding ideal inverse cycle, due to the
earlier discussed inherent total pressure drop associated with the
inverse cycle itself.

Figure 8 is energy bypass ratio (at flight Mach of 8 and temper-
ature at end of burner of 3000 K) vs three parameters for the ideal
inverse engine: total pressure decrease, specific thrust, and engine
I, As shown before, the total pressure ratio through the engine
decreases rapidly with increasing energy bypass ratio. Note that be-
cause the temperature is fixed at burner exit, fuel-air ratios, that
is, heat release, are changing with bypass ratio, that is, low bypass
ratios mandate low heat release, whereas high bypass ratios allow
relatively larger heat release. Figure 8 clearly demonstrates the trade
between engine I, and specific thrust for the inverse engine. At low
bypass ratios, g, is high because total pressure losses are relatively
low, but the specific thrusts are very low because very little heat can
be added due to the imposed temperature limitation. At higher by-
pass ratios, specific thrust has a maximum, but I, is low due to the
total pressure decrease associated with the inverse cycle. For larger
bypass ratios, the total pressure decrease simply becomes too large,
and both impulse and thrust begin to drop exponentially. Again, note
that these results are qualitative because only the ideal cycle is being
considered: When losses are considered, all performance numbers
will go down and actual performance envelopes will be expected to
contract dramatically.

If the temperature limitation is eliminated, that is, no tempera-
ture limit is imposed throughout the flow-field, the total pressure,
specific thrust, and engine specific impulse vs bypass ratio display
the characteristics seen in Fig. 9. Here, a fixed heat release, that is,
fixed fuel-air ratio, was used across the board. As expected, without
a temperature limitation, there is no reduction in specific thrust at
lower bypass ratios. Clearly then, for the ideal cycle, relaxing the
temperature criteria in the inverse cycle engine simply drives the
bypass ratio for optimal performance back to the ideal ram/scramjet
(zero bypass ratio) case. However, for reasonable temperature limits
in the burner (the central attraction of the inverse engine to begin
with), the necessity to achieve reasonable specific thrusts drives the
necessary bypass ratio to large values, which in turn are associated
with large total pressure decreases and inevitable decreases in en-
gine Iyp. The window for the ideal inverse-cycle engine narrows
considerably as flight Mach number is increased, as is shown in
Fig. 10, in which total pressure, specific thrust, and I, are plotted
vs bypass ratio for fixed combustor exit temperature and flight Mach
of 10. Furthermore, it is to be expected that when irreversibilities
(losses) associated with large amounts of work interaction between
surroundings and flowpath are considered, total pressure losses will
increase dramatically. This is because, at the very best, the total
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pressure losses associated with irreversible work interaction are ex-
pected to scale directly with the amount of energy bypassed. (Bypass
ratios of up to 50% and higher have been proposed for the MHD-
bypass engine.)

Figure 11 shows a summary of the maximum possible specific
impulse that may be achieved by an ideal inverse-cycle engine at
three different flight Mach numbers and with a maximum combustor
total temperature of 3000 K (variable f). As can be seen, the thermal
limit constrains the minimum allowable bypass at high flight Mach
numbers to be quite large (40% for Mach 10 and 58% for Mach
12). Bypass ratios below these values could not be achieved while
holding the thermal limit at 3000 K.

MHD Engine: Inverse-Cycle Engine
with Losses (Irreversibilities)

The MHD engine is a type of inverse engine that specifically
utilizes perpendicular, that is, crossed, electric and magnetic fields
to 1) decelerate the flow (energy extraction from the flow in the
form of generation of electrical power) and 2) accelerate the flow
(energy addition to the flow from onboard electrical system). The
decelerator (or generator) is upstream of the burner; the accelerator
is downstream of the burner.

It was shown in the last section for the ideal inverse cycle in
which all work interactions are isentropic that there is an inevitable
total pressure decrease across the inverse-cycle engine flowfield
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Fig. 11 Ideal inverse-cycle engine performance; specific impulse vs
energy bypass ratio 3 at flight Mach numbers 8, 10, and 12.

that increases rapidly with increased bypassed energy. The question
is then posed: For the particular mechanism of MHD, how much
more will the total pressure decrease across the engine flowfield
be? Additional total pressure decrease will certainly occur due to
irreversibilities associated with Joule heating, etc., in the MHD de-
celeration/acceleration modules. Performance losses from the ideal
performance envelopes displayed in the last section will be expected
to lower both I, and thrust levels.

To study this issue in a deliberate manner, let the engine be
ideal in every way except that the quasi-one-dimensional version
of Maxwell’s equations will be incorporated into a quasi-one-
dimensional flow solver (see Ref. 10). In other words, the flowfield
for the engine will be modeled without friction, without shocks, and
with reversible burning. In this way, irreversibilities inherent in the
MHD energy interaction process will be isolated and investigated
in detail, both in terms of their impact on performance and on their
fundamental causes and effects.

The differential equations that describe quasi-one-dimensional
flow through the engine or any component (neglecting friction, heat
transfer, and Hall currents, all of which would represent additional
losses in any event) are as follows:

dp  du dA
LT o0 (17)
P u A
dpP E, —uBuBAd
4P gy = D Ey —uBuBAd (18)
P puA

o0E,(Ey —uB)Adx

deT—I—udu = :(Swsurr (]9)
puA
dP dp dT
— =4 20
P ) t (20)

Note that dwy,,, is work per mass, which actually crosses boundary
(defined as positive to the fluid) and Sweg is work per mass, which
is received by the fluid such that

T dsiy = Swsun' - sweff (21)

Tds;, is, by definition, the differential lost work or internal heat
generation in the fluid due to irreversibilities associated with MHD
energy interaction. Note, further, that if E, = uB, no energy can be
extracted or added to the flow. E, < uB corresponds to deceleration
of the flow (energy extracted from the flow); E, > uB corresponds
to acceleration of the flow (energy added to the flow). A second-law
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effectiveness, 1, can be readily defined because

(UB/E})SWeyr = SWesy 22)
Hence, let
n=uB/E, (23)
or
1+ 6Weurr = 6 Wer (24

Therefore, it is apparent that n < 1 for acceleration and n > 1 for
deceleration. A more detailed investigation of performance issues
arising from the n selection will be discussed in a subsequent section.
Simply note here that n of 1.6 for deceleration and n of 0.6 for
acceleration provide meaningful second-law performance for the
MHD energy interaction. Here 7 can be described as either the
second-law effectiveness or the balancing factor (usually denoted
as the load factor in MHD literature) between the imposed electric
and magnetic field and the axial fluid velocity. Here it is especially
useful to view this parameter from the second-law standpoint.

Analytical Formulation for MHD Engine Performance

The following expression describes the differential total pressure
change experienced in a flow in terms of work interaction from or
to the surroundings and irreversibility:

dpP, SWer  dsiy

= - 25
P, RT, R (25)
and furthermore, by definition, for adiabatic work interaction,
CP th = 5wsurr (26)

When these relationships are used, an expression for the total pres-
sure ratio through the MHD engine can readily be obtained for the
ideal MHD engine (where the only loss occurs in work interaction
components due solely to MHD work interaction). This expression
is as follows:

Y Xaceel /(¥ — 1)
Pe - B e/ =D _ 1+ 0Q/CrTi o
P 1-B8+Q/CpT;

where
x=n+[y —1/2IM,(n—1) (28)

and M,, is the average Mach number in the work interaction pro-
cess. Note that this represents a mean Mach number for integration
purposes to produce Eq. (28).

When this expression for overall total pressure ratio and the earlier
expressions for engine specific impulse and specific thrust in terms
of total pressure ratio [Eqs. (1-6)] are used, the maximum possible
I, and specific thrust can be plotted for a wide range of conditions
for the ideal MHD engine. In particular, it is instructive (as before) to
examine the performance for fixed total temperatures at combustor
exit, T4, such that the following relationship between heat, bypass
ratio, and maximum temperature is obtained:

Q/CpTy = Tu/Ty{1 +1(y — D/2AMZ} +p~1  (29)

Figure 12 is energy bypass ratio vs Iy, and specific thrust/a, for
the ideal MHD engine at flight Mach of 8.0 and a total temperature
at combustor exit of 3000 K. Average deceleration and accelera-
tion Mach number were held constant at 2.0 in this analysis, and
n (the second-law effectiveness) was set at 1.6 for the decelera-
tion region and 0.6 for the accelerator. Note that no solutions (with
positive performance) exist for this particular maximum tempera-
ture for any bypass ratio for flight Mach numbers of 10.0 or 12.0
due to the total pressure losses incurred in the engine associated
with 1) inverse-cycle effects and 2) inherent MHD-generated ir-
reversibilities. At low bypass ratios, little heat can be added due

3000 [ ]
[ —10.9
& i Jos
'§2500 - _, ]
§ L - — — specific thrust/a, 90.7 _
B 7 @
13\2000 n Jos ?g
EN o7\ =? {1 £
N . Hos5%
£1500 - ,/ ("ﬁl sol%lo1nzs) for 17 ¢
g )/ L o4 g,_
21000 / E PP
% ~ y —0.3
. / E
= ok / / ] 0.2
i / —: 0.1
L. /4 11 [T T NN 1:
00 0.2 0.4 0.6 0.8 0

energy bypass ratio, B
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to the imposed thermal limit; the total pressure losses associated
with MHD interaction, hence, overwhelm the performance such
that the I, and specific thrust go to zero. At high bypass ratios,
total pressure losses are predominant and drive the performance
down. Figure 13 is a similar plot for which the total temperature
(combustor exit) has been increased to 4000 K. No feasible so-
lution exists for Mach 12. Figure 14 is a similar plot at a tem-
perature of 5000 K and yields positive performance for all Mach
numbers for certain bypass ratios. Figures 12—-14 show the maxi-
mum possible performance of the MHD engine because no friction
or irreversibilities other than that associated with MHD itself are
considered.

Quasi-One-Dimensional Ideal MHD Simulations
Flow Behavior in the Decelerator Module Without Friction

Figure 15 shows the axial distribution of the fluid dynamics in
a constant-area frictionless MHD decelerator module with the in-
dicated inputs and inflow. These results are obtained by solving
the differential series of Eqs. (17-20) using a suitable numerical
marching technique. Note that work extraction in either subsonic or
supersonic flow at constant cross-sectional area always drives the
Mach number toward 1.0. (Interestingly, this is opposite in trend to
energy extraction in terms of heat, that is, cooling the flow drives the
Mach away from 1.0 on either side of the sonic locus.) As can be seen
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by examining Fig. 15, there is a significant entropy increase (due
entirely to irreversibility associated entirely with the MHD decel-
eration) through the decelerator module. This irreversible entropy
generation in fact drops the total pressure to 0.05 of its initial value,
which is significantly below that of a corresponding isentropic work
extraction process (total pressure ratio of 0.35). This loss will figure
prominently in reducing engine performance.

Flow Behavior in the Accelerator Module Without Friction

Figure 16 shows the axial distribution of the fluid dynamics in a
constant-area frictionless MHD accelerator module with the indi-
cated inputs and inflow. Note that work addition in either subsonic
or supersonic flow at constant cross-sectional area always drives the
Mach number away from 1.0. There is a significant entropy increase
(due entirely to irreversibility associated with the MHD accelera-
tion) through the accelerator module. However, it is somewhat less
than the irreversible entropy generation through the decelerator. This
is, in fact, true for all cases examined in this investigation. Losses
in the decelerator module dominate the overall MHD losses and are
often an order of magnitude higher in the decelerator module than
in the accelerator module.

MHD Engine Performance Without Friction or Shocks and with Ideal
Heat Addition: Quasi-One-Dimensional Results

This section provides three examples of MHD engine (inlet face
to engine exit plane) performance using a simple marching code that
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Fig. 16 Example fluid dynamics through MHD accelerator.

solves the differential equations (17-20). These cases provide exact
contrasts/comparisons (within the context of numerical solutions)
to the analytical results obtained in the preceding section. Recall
that the earlier analytical results utilized representative mean Mach
numbers in the acceleration module and in the deceleration module.
In the cases given later, both decelerator and accelerator have con-
stant cross-sectional area, and varying but reasonable contraction
ratios and component lengths are utilized.

Case A

Here My=8,A,/A; =1.0, Tp =230K, and f =0.029. Electrical
conductivity oy =10 (both decelerator and accelerator), B (ac-
celerator) =2.35 T and n = 0.473, and B (decelerator) = 6.30 T and
n = 1.6. Energy bypassratio § =0.22, I;, = 2899 s, specific thrust =
824 N-.s/kkg P,./P;=0.0608 and ASy (decelerator)=
577.5J/kg - K and AS;;, (accelerator) =76.4 J/kg - K. Note that this
is entirely consistent because, by definition,

Pte(MHD engine)/Pte(ideal inverse engine)

= exp[—ASi,(total)/R] = 0.10245

and because

Pte(ideal inverse engine)/Pti =0.593

(from earlier ideal inverse engine analysis), therefore,
P;e(MHD engine)/ Pri =0.0608, which corresponds with the direct en-
gine result given earlier.

Case B

Here My=8, A.,/A; =1.0, Tp=230 K, and f =0.029. Elec-
trical conductivity oy =20 (decelerator) and 10 (accelerator), B
(accelerator) = 1.764 T and n = 0.473, and B (decelerator) = 6.30 T
and 1 =0.6. Energy bypass ratio § =0.32, I, =2233 s, specific
thrust = 635N - s/kg, P,./P,; =0.0248, and AS;. (decelerator) =
714.5 J/kg - K and AS;;, (accelerator) =115.0 J/kg - K.

Case C

Here My=10, A.,/A;=1.0, Tp=230 K, and f=0.029.
Electrical conductivity o9 =20 (decelerator) and 10 (accel-
erator), B (accelerator)=2.754 T and 7n=0.473, and B
(decelerator) = 6.30 T and n = 1.6. Energy bypass ratio g =0.31,
I, = 1870 s, specific thrust=531 N - s/kg, P,./P,; =0.01337, and
ASi; (decelerator)=917 J/kg-K and ASj, (accelerator)= 140
J/kg-K.

It is informative to compare these total pressure losses in the ideal
MHD engine with the total pressure losses through normal shocks:
this is done in Table 1.

From these examples and the previous analysis, it can be seen that
the ideal (frictionless, shockless, reversible heat addition) MHD
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Table1 Comparison of ideal MHD engine total
pressure decrease with normal shocks

Normal shock Mach number

My B Pie/Pii for equal P; drop
8.0 22 .0608 5.0
8.0 32 .0248 6.3
10.0 31 .0134 7.2

engine will experience a significant and inevitable total pressure
decrease. This decrease is due to the following two phenomena: 1)
inverse cycle (ideal) total pressure decrease and 2) irreversibilities
associated with ideal MHD interaction, not including friction or any
other losses.

Second-Law Issues and Design Issues in MHD Flowfields

It is necessary to examine in greater detail the quasi-one-
dimensional equations with the MHD energy interactions [Eqgs. (18)
and (19)] to understand fully second-law effects associated with
MHD energy interactions in isolation of other losses. Equations (18)
and (19) are rewritten here as follows:

dpP oo(Ey —uB)uBAdx

— +udu = = Swefr (30)
Iy puA
E,(E, —uB)Adx
CrdT +udu = 2B E ZuBAd G
PuA
Since
n= MB/Eyv N+ dWsurr = SWef (32)
the following expressions can be written:
SWgurr = R(BM)Z(I/U)(I/TI -1 (33)
Swer = R(Bu)*(1/n — 1) (34)

where
R =o0pAdx/puA

Figure 17 is Sw/R(Bu)?* vs n or both Swe and Sws,,. Here 1 be-
tween 0 and 1 corresponds to acceleration (onboard electrical energy
used), and n greater than 1 corresponds to deceleration (onboard
electrical energy produced). As n approaches 1 from either side,
the electromagnetic work interaction go to zero. Figure 17 allows
the analysis of the relative amounts of work actually delivered to
(or from) the surroundings from (or to) the fluid in terms of the
second-law effectiveness term 7.

For deceleration (1 > 1), it can be plainly seen that if n > 2 the
work actually transferred from the flow to the surroundings (cor-
responding to negative work interaction for this paper) decreases;
hence, for sensible operation, 1 should be less than 2. Note that for
n > 1 (deceleration), Sw.s is always greater in magnitude than § wgy,
and in fact increases steadily with . The difference (delta) between
the effective work and the work received by the surroundings for any
given 1 is exactly that portion of the energy transferred in the MHD
body—force interaction that is simply returned to the flow as heat,
that is, it is the lost work due to irreversibility associated with MHD
interaction. In other words, this lost work is equivalent in effect to
a frictional loss occurring in the flow.

For acceleration (0 < n < 1), as n approaches 0, the work required
from the surroundings increases exponentially while the actual work
received by the flow increases at a lower rate. This results in arapidly
growing lost work term as 7 is moved toward 0. (Lost work is the
energy transferred from the surroundings as work but ending up as
a heat interaction to the flow.)

For both deceleration and acceleration cases, the trade is apparent
in Fig. 17 between 1) pushing 7 close to 1.0 to minimize lost work
and 2) away from 1.0 (but not greater than 2.0 in the deceleration
case) to increase the actual magnitudes of works achieved in the pro-
cess. Significantly, the addition of friction to the analysis will tend to
drive the selection of 1 farther away from 1.0 for both acceleration
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Fig. 17 Second-law characteristics of MHD flow: lost work vs 7.

and deceleration. To clarify this point, consider the acceleration de-
vice. To obtain a relatively large dw.s over a given differential step,
a small n close to 0 must be chosen. However, as seen in Fig. 17,
there is a large lost work associated with this 7, that is, a very large
electrical work input from the surroundings would be required. The
alternative is to take a small Sw.g at a n close to 1.0, where lost work
is small. However, the length of the device would then become (by
necessity) very large for a meaningful amount of work received by
the flow over the overall length. Hence, when friction is considered,
n selection is driven away from 1.0 in both acceleration and decel-
eration devices. For a given skin-friction coefficient Cy, it can be
easily shown for the acceleration case that for

n>1/[(puAC;/B*Acy)y/7/A+1] (35)

more internal work is actually being lost due to friction in the com-
ponent than is being gained due to positive work interaction received
from the surroundings.

It has been found in this study that n of 1.6 for deceleration
and 7 of 0.6 for acceleration yield reasonable results for a range of
conditions within the MHD context. Note that n may vary with axial
distance along the MHD device but, in this study, is held constant
to systemize the analysis.

It can be readily shown that for adiabatic MHD acceleration and
deceleration flows, the following expression relates the differential
total pressure change across a differential axial step to the differential
work interaction, that is, the differential total temperature change:

dP/P, =y/(y = DWAT/T)(A = {1+ [(y = D/2IM*}(1 = n))
(36)

It is instructive to examine the impact of the local acceleration or
deceleration Mach number on the differential total pressure change
for a given differential work interaction by arbitrarily choosing a
representative d7;/ T; of 0.001 (acceleration) and —0.001 (deceler-
ation) in Eq. (36). This results in Fig. 18, which shows the large
decrease in total pressure due to increasing (local) interaction flow
Mach number for both acceleration and deceleration cases. Here n
are fixed at 1.6 (deceleration) and 0.6 (acceleration). Also shown
in Fig. 18 are the isentropic work interaction values for the same
dT;/T; In fact, as can be seen from Fig. 18, for the acceleration case,
for an interaction Mach of approximately 2.0, total pressure change
is zero, whereas for larger Mach numbers it is actually decreasing.

Volumetric Constraints for MHD Deceleration Modules

It can be readily shown that the total volume required for the
deceleration module, Vg, is related to the energy bypass ratio S,
the second-law effectiveness 7, and the average flow Mach number
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through the decelerator, M, by the following relationship:
b1 = B) = Vaeear(y = 1)(00B” [ puA) (1/m)

x (1/n = HM*{1 + [(y — 1)/21M?} (37

This expression, coupled with the expression for the total pressure
ratio through the decelerator,

P./P;=(1—pgyr/o=" (38)
where

x=n+[y —D/2IM*(n— 1) (39)

is used to plot (in Fig. 19) both volumetric term Vge./mass flow
rate and the total pressure decrease vs the average deceleration Mach
number M. Here, n = 1.6 is used. Results for five bypass ratios rang-
ing from 0.1 to 0.5 are plotted in this figure. There is a disturbingly
high degree of constraint on the MHD deceleration process as indi-
cated in Fig. 19. Specifically, for low flow Mach number, very large
deceleration volumes are required, that is, decelerator lengths, espe-
cially at high bypass ratios. Note that no friction is considered here;
however, implicitly, long deceleration lengths (large volume terms)
will cause unacceptable frictional and heat transfer losses. Implicit
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Fig. 20 Decelerator volume and total pressure decrease constraints on
MHD deceleration: 17 dependence.

in the large volumetric term are system weight issues as well. At
high flow Mach numbers, the total pressure losses are very large
as already discussed, especially for the larger energy bypass ratios.
In any event, a flow Mach number of approximately 2 is seen to
provide the least undesirable combination of volume/size and fluid
total pressure drop for relevant bypass ratios.

Figure 20 shows total pressure decrease and the volumetric term
vs n at a fixed deceleration Mach of 2.0. Similar issues to those seen
in Fig. 19 and discussed earlier are noted. An 71 of approximately
1.4 provides the least undesirable combination of volume/size and
fluid total pressure drop for relevant bypass ratios. However, actual
selection of n will be closer to 1.6 due to frictional effects as already
discussed.

Basic Design Issues: MHD Decelerator

It is informative to consider some basic design issues regard-
ing MHD energy interactions. As already noted, Mach number
decreases in a constant area deceleration process, that is, both work
interaction and friction will drive the Mach toward 1.0. However,
considering the downstream requirement of supersonic combustion
(which also drives the flow toward Mach 1), it is necessary to main-
tain reasonable Mach numbers through the MHD deceleration pro-
cess solely from the existence of the downstream thermal choke
constraint in the combustor. This mandates an area increase over
the length of the decelerator. The following relationship can be de-
veloped, which describes the area ratio (A./A;) necessary in the
decelerator to maintain constant Mach number:

A A= (1 =) =D1— B (40)

The required area ratio is in Fig. 21 vs deceleration Mach number
and shows the extreme expansions required for even modest energy
bypass ratios across the range of Mach number. These ratios are
largely unrealistic in an actual vehicle. Even for a bypass ratio of
0.2 and a deceleration Mach number of 2, the area ratio required is
about 5. Note that the presence of friction (not considered in this
area ratio equation) will further enlarge required area ratios.

Itis also possible to find the maximum allowable bypass ratio for a
constant area decelerator (the other extreme of this particular design
issue) based on choking of the flow at the exit of the decelerator
(not considering the downstream combustion, which exacerbates
the situation even further). This is plotted in Fig. 22. Again, friction
in the decelerator will cause even further reductions in allowable
bypass ratio.

Finally, note that the impact of the total pressure loss in the de-
celerator (due to inverse cycle effects, MHD irreversibility, and fric-
tional and any other losses) on the cross-sectional area required for
any downstream thermal throat area is extreme and constrains even
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further effective use of bypass energy. This is true for either subsonic
or supersonic combustion occurring downstream of the decelerator.

Comparative Performance of MHD Bypass Engines and
Scramjet Engines: Full Engine Simulations

The preceding analyses for inverse cycle engines and MHD by-
pass engines are based on constant thermodynamic properties and
constant specific heats as well as quasi-one-dimensional fluid dy-
namics assumed from inlet face to nozzle exit. These earlier sections
provide a powerful basis for understanding and diagnosing funda-
mental losses in MHD flows, as well as the effects of these losses on
the expected performance of the MHD bypass engine. This section
extends the analysis to incorporate engine flowfields with fluid flow
based on variable specific heats, inlet oblique shock systems, fuel
system cooling loops (requiring thermally balanced engines), fuel
injection effects, skin-friction and wall heat transfer, and finite-rate
H,—-0, combustor chemistry. Specifically, in this section, the engine
flowfield for a vehicle (shown schematically in Fig. 23) is modeled
at three different hypersonic Mach numbers for both 1) MHD bypass
engine configurations and 2) representative scramjet configurations.
The selected Mach numbers for engine evaluation are 8.0, 10.0, and
12.2 at an altitude of 30 km. This is done to compare and clarify
performance issues for the two engine types (MHD and scramjet)

:/
deceleration |
module

acceleration
module

45° H, fuel injection

Fig. 23 Schematic of hypersonic engine: MHD and scramjet for flow-
field calculations.

in which internal flowpaths are modeled with higher sophistication
than in earlier sections. However, all fundamental information al-
ready obtained regarding inherent losses in the MHD engine and
the permissible second-law operating envelope for the MHD engine
has been fully utilized in this section in terms of both constructing
the cases examined and explaining the results obtained.

As fully discussed earlier, it is inevitable that the MHD engine
will have at least two detrimental performance effects that the scram-
jet will not experience. These two effects are 1) the total pressure
decrease due to the inverse-cycle effect (not related to irreversibil-
ity at all) and 2) the total pressure decrease due to irreversibility
associated with the MHD acceleration and deceleration (especially
the deceleration). In addition, in this particular study, the MHD en-
gine is assumed to be longer (due to the additional modules) and,
hence, will have some additional component of skin friction and
heat transfer due to these modules. There are also highly restrictive
design envelopes involving area ratios and second-law effects on
the MHD engine that must be observed in realistic studies.

On the other hand, the scramjet will be expected to have greater
combustor irreversibilities due to higher entering total enthalpies,
as well as higher heat transfer in the combustor due to relatively
higher total enthalpies. Additional mixing enhancement necessary
due to higher flow velocities will also increase irreversibilities in
the combustor.

This section provides a direct comparison between scramjets and
MHD bypass engines at flight Mach between 8 and 12.2 in terms
of irreversible entropy generation, overall total pressure decrease,
overall heat load, engine specific impulse, and specific thrust.

All cases examined here (both MHD and scramjet) have the
following parameters and constraints in common: 7y, = 1000 K,
C feombustor = 0.02, C pnoz21¢ = 0.005, inlet shock system with friction,
four-shock system with shock cancellation at combustor entrance
(two-dimensional inlet), combustor entrance step (entrance area in-
crease), Hpy—air mixing, input mixing efficiency distribution, ex-
panding area combustor, quasi-one-dimensional flow in combus-
tor and nozzle, finite-rate H,—O, reaction in combustor (seven
species, Hy, O,, H,0, OH, O, H, and N,), inlet length=35 m,
combustor length =0.3 m, nozzle length =3 m, mach 8 contrac-
tion ratio = 10, Mach 10 contraction ratio = 15, Mach 12.2 contrac-
tion ratio = 22, Mach 8 fuel equivalence ratio = 0.82, Mach 10 fuel
equivalence ratio=1.1, Mach 12.2 fuel equivalence ratio = 1.34,
45-deg downstream-directed fuel injection at combustor entrance,
and thermally balanced engine maintained (fuel used as heat sink).

In addition, for the MHD bypass engine, the following pa-
rameters were used: C; in accelerator/decelerator =0.005, and
length of acceleration/deceleration modules=0.5 m (constant
cross-sectional area). For Mach 8, o) = 10, B (deceleration) = 8.0,
B(acceleration) =2.45, and B (energy bypass ratio) =0.202. For
Mach 10, oy = 10, B(deceleration) = 10.8, B(acceleration) = 3.139,
and B (energy bypass ratio)=0.200. For Mach 12.2, oy, =10,
B(deceleration) = 12.0, B(acceleration) = 3.236, and § (energy by-
pass ratio) =0.151.

The addition of the MHD modules for the MHD bypass engine
increases vehicle length for the MHD cases by a total of 1 m over
that of the baseline scramjet. The MHD parameters were selected
based on the information described in the preceding sections, that
is, n = 1.6 for the decelerator and n = 0.6 for the accelerator. There
was an inevitable design problem with the MHD engine (discussed
in earlier sections) from the standpoint of trying to balance MHD
irreversibility losses associated with deceleration at higher Mach
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numbers against the tendency of the flow to choke in the accelerator—
combustor combination due to the combination of upstream work
extraction, frictional effects, and combustion. This design problem
was exacerbated by the necessity for reasonably controlling area
ratios throughout the engine. In this analysis, constant area MHD
devices were mandated, and the supersonic combustor was increased
in area to prevent choking. Attempts to slow the flow to subsonic ve-
locities in the MHD combustor resulted in unacceptable area ratios
and thermal throat problems. Attempts to increase energy bypass ra-
tios to values significantly greater than those presented here yielded
unacceptable irreversibility associated with the deceleration as dis-
cussed earlier. Equivalency was maintained (to the degree possible)
between MHD bypass engines and scramjets in terms of contraction
ratio, fuel equivalence ratio, exit to inlet area ratio, etc.

The inlet simulation is based on first solving the two-dimensional
inviscid oblique shock relations with variable specific heats and then
including a friction loss estimation based on averaged flow proper-
ties in the inlet. Note that the assumptions of the inlet shock system
and shock cancellation at the decelerator entrance drives the selec-
tion of the contraction ratio of the inlet for all three flight Mach
numbers. The simulation technique in the decelerator, combustor,
accelerator, and nozzle is based on the marching solution of the fol-
lowing differential equations (modified with the additional MHD
terms, as done earlier for constant thermodynamic property stud-
ies). This model uses Gordon—-McBride curve fits'! to capture the
temperature dependence of the specific heat at constant pressure
for multispecies reacting flow. This code also tracks the irreversible
generation of entropy due to all mechanisms: friction, heat trans-
fer, mass transfer, finite-rate (nonequilibrium) reaction, and shock
waves. Note that for nonadiabatic walls the absolute entropy flux
change across a differential step is not equal to the irreversible gen-
eration of entropy across that differential step.

Mass:
d(puA) = drigyel 41
Momentum:
d(pu*A+ PA) = — / Pi, dS, — f Pijit, dSin;
Sw Sinj
| .
- 5,014 Credx + uing dritgyel + Swerrp A (42)

Note that Vfuel = uinle' + vinjj + wijG.
Energy:

NCS T MZ
(o[22
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T 2

ef
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and r and NCS are the recovery factor and the number of species
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Pressure:
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Fig. 24 Comparative summary of engine performance at flight
Mach 8.

where w, is mass of species £ produced per unit time per unit volume
(at P, T) due to chemical reactions.

See Eqgs. (30) and (31) for the modeled one-dimensional MHD
representations for dwey and Swg,, that appear in Egs. (42)
and (43).

Figure 24 is a comparative bar chart of the irreversible genera-
tion of entropy, total pressure recovery, overall heat load, specific
impulse, and specific thrust for both MHD bypass and scramjet en-
gines at a flight Mach number of 8. The bypass ratio for the MHD
engine for this case is 20.2%. The inlet entropy generation is equal
between the two engine types. (The same inlet configuration is uti-
lized.) The MHD deceleration has a large entropy increase as shown
(26% of the overall irreversibility through the engine); there is no
corresponding increment in the scramjet. As expected, the combus-
tor irreversibility for the scramjet is significantly higher than that of
the MHD bypass engine (approximately 50% greater). The MHD
acceleration has anirreversible entropy generation equal to 4% of the
overall engine irreversibility; there is no corresponding increment
for the scramjet. The MHD nozzle and scramjet nozzle are roughly
the same in terms of irreversibility. The net effect of the irreversible
generation of entropy in the two engines results in slightly higher
losses for the MHD engine at this Mach number. Note, however,
that the MHD engine also experiences an additional total pressure
drop due to the energy bypass (inverse cycle effect), unrelated to
irreversibility.

The combination of these two effects (slightly greater irreversibil-
ity and the inverse cycle effect for the MHD engine) results in the
significantly greater total pressure loss shown for the MHD engine
in Fig. 24. The effect on engine Iy, and specific thrust are also seen
in Fig. 24: Note that engine performance is dramatically affected
by total pressure differences at low total pressure recovery. (See the
exponential drop-off in I, and thrust at low engine pressure recov-
eries in Fig. 1.) As can be seen, the I, for the MHD bypass engine is
1397 s; the I, for the scramjet engine is 1778 s. The specific thrusts
for the two engines are proportional to Ig,.

Also shown in Fig. 24 is the overall heat load (heat transferred
from flow to fuel to maintain constant wall temperatures). It is seen
that the MHD engine has approximately 19% greater overall heat
load requirement. This is despite the fact that the MHD engine
has a cooler core (total temperature at combustor exit of 3300 K in
comparison to the scramjet total temperature of 3631 K). The reason
for this is entirely driven by the additional cooling requirements in
the decelerator and accelerator modules.

Figure 25 is a similar comparative bar chart for a flight Mach
number of 10 with a MHD engine bypass ratio of 20%. Very similar
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results are seen on this chart: There are more losses. (Note the
entropy increments in Fig. 25 are per unit mass and mass flow
rate through the engine is substantially greater for higher Mach
number flight.) The deceleration module for the MHD engine is
responsible for approximately 27% of the overall loss in the en-
gine. MHD engine I, is 763 s; scramjet Iy, is 1252 s. Again, the
overall heat load for the MHD engine is about 20% higher due
to cooling requirements for the MHD decelerator and accelerator
modules. Again, this is despite the cooler combustor realized in
the MHD engine.

Figure 26 presents results for a flight Mach number of 12. Here the
bypass ratio for the MHD engine was 15%; higher bypass ratios are
possible but begin to take an increasing toll in terms of decelerator
losses, inverse cycle performance losses, and design constraints. For
this case, the total pressure decrease through the MHD engine is very
large such that the I, and thrust are very small. Similar results are
obtained as for lower flight Mach numbers: 30% greater overall heat

load in the MHD engine, I, of 294 s for the MHD engine, and I,
of 778 s for the scramjet.

Summary

A detailed analysis of the MHD energy bypass engine that has
been proposed for hypersonic airbreathing flight is provided. The
central feature of the MHD engine is the extraction of energy from
the flowfield within the upstream diffusion process and the return
of that energy to the flowfield downstream of the combustor. These
energy interactions utilize perpendicular, that is, crossed, electric
and magnetic fields in the transverse plane of the flow, which in-
duce body forces such that onboard electrical energy is generated
in the upstream decelerator and onboard electrical energy is used in
the downstream accelerator. The main purpose of the MHD bypass
engine is to allow a cooler and lower Mach number engine core
flow, that is, in the combustor, than experienced in a conventional
scramjet with attendant benefits in terms of losses and operability.
It is seen here that the MHD bypass engine is a specific type of the
inverse-cycle engine.

The first section of this paper describes and illustrates the gen-
eral relationship between engine specific impulse and overall total
pressure ratio. It is clearly shown that engines that suffer from very
large total pressure decreases, regardless of cause or source, exist
in a region of very rapidly decreasing engine specific impulse and
specific thrust. The relationship between total pressure and engine
performance is important because subsequent analysis of the ideal
inverse-cycle engine demonstrates a significant total pressure de-
crease mandated solely by the inverse cycle itself. This fundamental
decrease in total pressure is independent of any irreversibilities that
may occur in the flowpath. Furthermore, the total pressure through
the engine is shown to decrease exponentially with energy bypassed
in the cycle with significant negative consequences on engine per-
formance. The fundamental limits on achievable engine specific
impulse and specific thrust using the ideal inverse cycle scheme
were also described and illustrated.

A large total pressure decrease through the MHD engine (in ad-
dition to that associated with the ideal inverse cycle itself) also
occurs due to irreversibility associated solely with the MHD work
interactions. This MHD-mandated flow loss is described in terms
of effects on engine performance. This is done in the absence of
all other irreversibilities to isolate the work interaction losses due
to MHD bypass. It is seen that considerable reductions in the per-
formance envelope of the MHD engine occur due to this additional
loss. It is also noted that the deceleration (work extraction) region
has significantly higher irreversibility than the accelerator.

The thermo-fluid-dynamic characteristics of the MHD work in-
teraction process is analyzed in detail to provide understanding and
clarification of issues pertaining to acceleration, deceleration, elec-
tric and magnetic field strengths, lost work, and irreversibility. The
correct selection of specific parameters for the MHD cases exam-
ined in both earlier and later sections is enabled. In particular, the
selection of the second-law effectiveness (designated 1) drives the
acceleration or deceleration of the flow and describes the balance
between the field magnitudes (electric and magnetic) and the flow
velocity. In addition, this parameter defines the amount of lost work
occurring in the MHD work interaction processes, that is, it de-
fines the irreversibility associated with the interaction. It is seen that
the total pressure decrease (or entropy rise or increasing lost work)
occurring in the decelerator becomes extreme for local flow Mach
numbers much above 2.0 and bypass ratios greater than 20%. In
addition, the volume (or, equivalently, length) of the accelerator is
seen to become excessive for Mach numbers less than 2.0 and any
higher bypass ratios. Also shown and discussed are design problems
inherent in the MHD engine. These issues include the fact that work
extraction at supersonic Mach numbers drives a flow toward chok-
ing. This fact, when coupled with thermal choking in the combustor,
requires either unacceptably large cross-sectional area variations in
the decelerator or severely limits the allowable bypass ratio itself.

A comparison is provided of the MHD bypass engine and the
conventional scramjet at three flight Mach numbers ranging from 8
to 12.2. The modeling is based on variable specific heat differential
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analysis, oblique shock inlet systems, hydrogen—air finite-rate com-
bustion, fuel injection and mixing, wall cooling with injected fuel
used as the heat sink, etc. The analysis demonstrates that irreversibil-
ities associated with the MHD components coupled with the total
pressure decrease inherent in the inverse cycle result in lower spe-
cific impulses and performance across the Mach number range for
the MHD bypass engine in comparison to the conventional scram-
jet. In addition, because of increased cooling requirements within
the accelerator and decelerator modules, the overall heat load of the
MHD engine is actually greater across the flight Mach number range
than the conventional scramjet. This is true despite the fact that the
MHD engine operates at a lower total temperature and velocity in
the combustor core due to the upstream energy extraction.

This study is based entirely on flowpath performance and does
not include any system or weight penalties associated with either the
MHD engine or the scramjet. Although this study indicates that the
MHD bypass engine is not attractive in comparison to the conven-
tional scramjet from the standpoint of general engine performance,
the generation of some onboard electrical power may in fact be very
advantageous even with the large performance penalty described in
this investigation. This is because on-board drag reduction systems
and flowfield modification systems that require substantial amounts
of beamed energy can possibly result in very large reductions in
external drag or even increased mass capture for the engine itself.
From this standpoint, utilization of MHD deceleration for onboard
power generation may yet prove to be an attractive concept.
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