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Abstract

A variant of the magnetoplasma jet engine (magjet) is
here proposed for airbreathing flight in the hypersonic
regime. As shown in Figure 1, the engine consists of
two distinct ducts: the high-speed duct, in which power
is added electromagnetically to the incoming air by a
momentum addition device, and the fuel cell duct in
which the flow stagnation temperature is reduced by
extracting energy through the use of a magnetoplas-
madynamic (MPD) generator. The power generated is
then used to accelerate the flow exiting the fuel cells
with a fraction bypassed to the high-speed duct. The
analysis is performed using a quasi one-dimensional
model neglecting the Hall and ion slip effects, and fix-
ing the fuel cell efficiency to 0.6. Rcsults obtaincd
show that the specific impulsc of thc magjct is at lcast
equal to and up to 3 times the onc of a turbojct, ram-
jet, or scramjet in their respective flight Mach num-
ber range. Should the air stagnation temperature in the
fuel cell compartment not exceed 5 times the incoming
air static temperature, the maximal flight Mach num-
ber possible would vary between 6.5 and 15 for a mag-
nitude of the ratio between the Joule heating and the
work interaction in the MPD generator varied between
0.25 and 0.01, respectively. Increasing the mass flow
rate ratio between the high speed and fuel cell ducts
from 0.2 to 20 increases the engine efficiency by as
much as 3 times in the lower supersonic range, while
resulting in a less than 10% increase for a flight Mach
number exceeding 8.

Introduction

Chemical airbreathing jet engines powering present-
day aircraft provide thrust through conversion of the
heat added chemically into work, which is accomplish-
ed by compressing and expanding the fluid before and
after the heat addition, respectively. While this has
proven to be a viable concept for flight over a limited
Mach number range, extending the flight Mach num-
ber envelope of chemical airbreathing engines is not a
trivial task. Difficulties originate from the complicated

!This paper is Copyright ©) 2004 by Bernard Parent and In-
Seuck Jeung.

compression process in the inlet which needs to be ac-
complished with minimal losses. To minimize losses
while maintaining a high pressure in the combustor.
radical variations in the design/geometry of the engine
are needed as the aircraft accelerates from rest to hy-
personic speeds.

This prompted the development of substantially dif-
ferent engine designs such as the turbojet, the ramjet.
and the scramjet to cover the flight Mach number en-
velopes 0-3, 3-7, and 7-15, respectively. It follows
that for a chemical airbreathing engine to operate from
rest to high speeds, the different designs must be com-
bined into one or somehow substituted to one another
during flight. Adding to the challenge is the extreme
heat load characteristic of hypersonic flight effectively
rendering any type of mechanical control on the engine
geometry a particularly challenging endeavour.

To circumvent the difficulties associated with ge-
ometry variations of chemical airbreathing jet engines
over a wide flight Mach number range, a novel propul-
sion concept dubbed the magnetoplasma jer engine, or
magjet, is proposed in Ref. 1. Contrarily to chemical
Jjet engines which are characterized by energy addition
to the flow as heat, the magjet is advantaged by electro-
magnetic energy addition to the flow directly as work.
with the power source being a stack of fuel cells. By
not requiring the flow to be compressed and expanded.
the magjet can operate with little variations in geome-
try. Another advantage includes a higher specific im-
pulse which is reported! to be 20% greater to 3 times
the one of a turbojet, ramjet, and scramjet over their re-
speclive Mach number range of operation. Further, the
flow temperature and pressure are observed not to vary
significantly from the freestream conditions through-
out the engine, hence possibly reducing the heat loads
as well as the noise level.

However, the magjet performance is assessed in
Ref. 1 assuming that the fuel cells can obtain some-
how the necessary oxygen (o operate from the ambiant
air. Below a flight Mach number of about 2, this is ex-
pected to be feasible due to the minimal heat loads on
the fuel cells. On the other hand, the latter would need
substantial cooling to operate for hypersonic flight. As
it might be technically difficult to achieve such cooling
while maintaining a high fuel cell efficiency, it is here
proposed to extract the cnergy electromagnetically from
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Fig. 1: Schematic of the hypersonic airbreathing Magjet.

the air entering the area where the fuel cells are lo-
cated, as depicted in Fig. 1. Flow deceleration through
electromagnetic energy extraction can resuli in a much,
lower temperature increase than would be obtained with
standard gasdynamic deceleration.”” Further, it can be
achieved in a constant-area duct, hence not requiring
significant variations in geometry as the flight Mach
number varies. In this way, the air entering the fuel
cell stacks can be maintained to a low speed and low
temperature, hence minimizing the heat loads.

A foreseen difficulty in decelerating the incoming
air is the reduction of the electromagnetic Joule heat-
ing, which is expected to significantly affect the per-
formance of the engine and also increase the tempera-
ture in the fuel cell compartment. Further, as is shown
in Ref. 8, the amount of Joule heating is considerably
more difficult to control as the flight Mach number in-
creases to obtain a desired Mach number reduction.
Therefore, to minimize as much as possible the impact
of Joule heating on the performance of the magjet, the
amount of air decelerated electromagnetically is lim-
ited to the minimal value needed for the fuel cells to
operate. The power extracted from the air as well as
the power generated by the fuel cells is then used to
accelerate the flow exiting the fuel cell compartment,
with a fraction of the power bypassed to the high-speed
duct to maximize the engine efficiency.

One objective of this paper is to quantify the opti-
ma} amount of power bypassed to the high-speed duct
as a function of the Mach number for different values
of the mass flow rate ratio between both ducts. A sec-
ond objective is to assess the impact of Joule heating
on the engine performance, which is compared on the
basis of the specific impulse to turbojets, ramijets, and

scramjets. A third objective is to determine as a func-
tion of the flight Mach number the maximal amount
of Joule heating in the cnergy extraction section that
would limit the stagnation temperaturc in the fucl ccil
compartment to a reasonable level.

The results arc obtainced through a quasi-onc-dim-
ensional model based on the compressible Euler equa-
tions including the electromagnetic source terms’ and
neglecting the Hall and ion slip effects. In assessing
the performance, it is assumed that the energy conver-
sion efficiency of the fuel cell is of 0.6. While future
fuel cells are expected to reach an efficiency approach-
ing 0.7-0.8,'9 it is here preferred to use a value closer
to the 0.4-0.5 efficiency exhibited by current fuel cells
intended for transportation purposes.!!12

Governing Equations

The steady-state quasi-one-dimensional flow equations
for a calorically and thermally perfect gas including the
electromagnetic source terms can be written as:®

d
dg dP . o
pagi+ g~ (7x5) =0 @

g o

d 1, J-7 2 .
Pag (h+-2~q ) "—;-tI(JXB)x«O 3)
where it is assumed that the current density is propor-
tional to the electric field according to Ohm’s law with-
out the ion slip and the Hall effects:

E=LyBxv (4
c

For simplicity, the electromagnetic Joule heating term
7 7/ o and work interaction term g{ x B), shall be re-
ferred 1o in this paper as the “Joule heating” and “work
interaction” terms, respectively.

Engine Thrust
High-Speed Duct

In this section, it is desired to determine a general ex-
pression for the thrust of the high speed duct for which
the flow pressure at the engine exit equals the ambiant
pressure. As in Rel. 1 the friction force on the exterior
of the engine is neglected, and it is assumed that the
pressure is uniform and equal to ambient on the outer
surface of the engine. Therefore, the thrust F; can be
writien as

F= (Peaqgn"” Po)Ag ~ (P1@0a + PL) A,

(5
- (Asa "‘Ala) Pla
Since P, = P,,, the latter becomes:
F3 = (péaqéa) A6a - (pla‘ﬁa)Ah (6)
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Each term is now divided by ri,q,, to yield:

_F’l_ - ﬁ
mﬂqla d1a

Let’s keep the latter on hold for a moment. The differ-
ence in total enthalpies between station 1a and 6a can
be related to the power input as Hg, — H,, = &/,
which, after some algebra, becomes:

2 TGa ) qéa 29?
e (B )4 2R = 22 ()
(y— I)M%a (Tla q%a maqll’a

But, from Ref. 8, the following relationship exists be-
tween the pressure ratio and the temperature ratio:

-1 U

Pa _ (T ™ (oot — s 17
B (B) T ewta-nF @

Noting that P, = P,, and isolating g,,/q,, yields
1
ﬁ: [z[l_exp(‘,6a;-lla)]+l+ 2‘%]2 (10)
91 (y=1)M}, Mgy,
which is substituted back into Eq. (7):

F__ [2[1 —exp(Jg, — 1))
(Y* 1)A{12a

+1+

1
_ 22, ] : |
Mg, mﬂq%a

(1)
The normalized thrust of the high-speed duct is hence
seen to be a function of the specific heat ratio, intake
Mach number, normalized power input, and a term re-
lated to the amount of Joule heating, exp(Jg, — J,,).
The latter shall be determined in a following section.
But first, let’s find the thrust generated by the fuel cell

duct.

Fuel Cell Duct

To determine the thrust generated by the fuel cell duct,
it is assumed that the flow is isentropic in the fuel cell
compartment, between stations 2b and 3b. Further,
similarly to the determination of the thrust for the high
speed duct, it is assumed that the flow is expanded to
ambiant pressure at the duct exit, and that the pres-
sure on the outer surface is equal to the one in the
freestream. Then, the thrust can be derived exactly in
the same way as in the previous section to yield:

B _ [Z[I—exp(Jﬁb—J,h)]+l
YOS (y=1)Mj, (12)
+2(9'4—9',)]5_1
gl
mydiy

It is emphasized that the latter is derived assuming that
the air flows through the fuel cells isentropically with-
out a change in the specific heat ratio or the gas con-
stant. In a practical case, the gas composition as well
as the flow stagnation temperature and pressure would
certainly vary. Since it is not known at this stage how
the latter properties would be altered, it is here cho-
sen to ignore losses originating from that section of the
engine.

Combined Thrust

The overall thrust of the magjet corresponds to the sum
of the thrust exhibited by both ducts:

F =
2 [1 - exp("ﬁa - Jla)]
(y— DM},

2[1 = exp(Jg, — /)]
(y—= 1M},
—Htaq), = Mgy

+1+

29’3]’1’
maq%a

i
2(‘74— 91)} :

-
Mydiy

maqla [

+ri gy, [ +1+

(13)
Noting that the inflow properties are the same for both
ducts and that &, = ®( P, + ) and that &, = (1 —
D)( P, + £), the latter can be rewritten as:

F my
=Tty
myqy my,
1
[2[1 ~exp(Jg, _Jlb)]+l+2(92(l — ) _cbgn)] :
(y—1)M; rit,q?
1
+_m3[2[1 -exp(J(,a—J,,)]+]+_m_§ 29(2, + 92)] -
it (r—1)M; N N
(14)

At this stage, the terms function of the Joule heating
need to be determined as a function of known parame-
ters and flow properties.

Determining exp(J, — /,,)

Since electromagnetic control is only applied between
stations al and a2 in the high-speed duct, the term
exp(Jg, — J;,) corresponds to exp(J,, —J,,). From Ref.
8, it is recalled that exp(/,, — J,,) can be expressed as
a function of M|, and M,, for a constant-area flow in
which & is constant:

b=1

2
b—MI\" /M \7¥
exp(Jp, = Jp,) = (b—MI;) (M—:> (15)
2-3

where b is a function of the specific heat ratio and &:

Lo (D E+1) =29
=TT RG-D

To determine exp{J,, —J,,) in Eq. (15), M,, needs to be
determined. This can be accomplished by noting that
the total enthalpy change from station 1a to station 2a
corresponds to the ratio between the power input and
the mass flow rate:

(16)

toH,, = i H,, + P, (a7

or, expanding the total cnthalpy as CpT + ¢?/2 and di-
viding both sides by m.C,T,,:

2,
C, T, 1,
(18)

N Y—1., y—1,,
= 14+—M, | =14+ —M;
Th( ) =14 e o
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where the temperature ratio can be expressed as a func-
tion of M,,, M,,, &, and y for a constant area flow in
which the ratio between the Joule heating and the work
interaction term is constant:®

(19

2(b~ ~
7, (b—Mﬁ)bw* () K

T, \b—-MZ M,

Substituting the latter in the former, and noting that
P, = O(P, + &,), and that both ducts share the same
inflow properties, the following is obtained:

b—M;, B My, o 12" e
b— M3, M, T M
=1+ 20, (1 +ﬁW)
2 my myai,

which yields M,, knowing the inflow Mach number,
specific heat ratio, £, and the normalized power gener-
ation terms. The Mach number at station 2a can then
be substituted in Eq. (15) to obtain exp(Jg, —J,,)-

Determining exp(Jg, — Jy;,)

The term related to the amount of Joule heating in the
fuel cell duct corresponds to the product of the Joule
heating-related terms between stations 1b-2b and sta-
tions 3b-4b:

exp(Jg, — J1p) = exp(Jy, = Jip) explUgy — J3)  21)
where both terms on the RHS are taken from Ref. 8:

b—ME\'F (M, \ %
CXP(Ju —Jlb) = (b——M;z:) (Eﬁ) '
b1

b—ML\'T (M, \ 7
exp(Jyp — J3p) = (b —M;b) (Ei—:) 23
1o

in which M, is here a user-specified constant. It is
recalled that the flow properties remain constant in the
fuel cell compartment, so that M;, = M,, . The value of
M, can be found as a function of M, and b similarly
as M,, was obtained in Eq. (20):

(22)

b-Mj, it My, LN 1+ 1= 1 M2
b, My, 2 e
- 2 -
—14+7Y lM;fb (1+M1bT1b2(1 q’.)(‘fl"'?z))
2 M Ty, My

where &, = (1 -~ ®)(&, + £,). For a constant area
flow between station 1b and 3b, T, /T, can be ex-
pressed as:®

2y-1
Ty _ T (Mzbfr’wl =
o Pl | QPR .} [exp (Jp = Jp)] 7T (25)
T;b T2b Mlb » ‘b

Eq. (24) hence yields M, knowing the Mach number
in the fuel cell section, the specific heat ratio, £, and

the normalized power generation terms. The Mach
number at station 4b can then be substituted in Eq. (23)
to obtain exp(J,, — J3,). Then, the terms exp(J,, —
J5) and exp(Jy, — J;,) can be substituted in Eq. (21)
to obtain exp(Jg, — J,,). However, in order to close
the cquations, the normalized power generation terms
B, [t g, and P, [rir, g3, must be determined.

Determining the Normalized Power Generation
Terms

The power extracted in the energy extraction section
can be obtained from Eq. (20), isolating the normalized
power extracted &,

(b-Mf.,)ﬁ%’* () o (1+554)
b—M3 My, 2

26)
with all the terms on the RHS being user-specified. To
determine 2%, it is assumed that the entire amount of
oxygen flowing in the fuel cell duct is used by the fuel
cells to generate electricity. The power generated by
the fuel cells would hence correspond to the product of
the fuel cell efficiency 1), by the fuel specific energy e,
and by the mass flow rate of the fuel:

‘92 = mi‘uelnfcef (27)

Noting that r1g,, = rit, ¢., the latter can be rewritten to:

My, My aj,
where ¢ is the stoichiometric mass fraction between
the fuel and the air. Since hydrogen is the chosen fuel.
¢, and ¢, are hereafter set to 0.03 and 142 MJ/kg,"’
respectively.

Maximum Allowable Amount of Joule Heating in
the Energy Extraction Section

In this section, it is desired to find the value of &, that
would result in a fixed maximal stagnation temperature
in the fuel cell compartment. From Ref. 8, the temper-
ature ratio can be written as a function of the Mach
number between stations 1b and 2b:

29)

L (b2h) o () R

Ty b—M;, My,

Noting that the ratio between the stagnation and static
temperature at station 2b corresponds to:

o -1

- 3
T, 2 G0
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Fig. 2: Value of & = —&, in the energy extraction section
to obtain a desired ratio between the stagnation temperature
at the fuel cell entrance and the incoming air temperature,
as specified in Eq. (31); 7 and M, are set to 1.4 and 1.0
respectively.

from which Ty, is isolated and substituted in the former
equation to yield:

2(b-1 —
T3, Y= 1\ [ b—M2\ 550 g, \ D
21+, M

T, b—-M} M,
3D

From the latter, & can be determined for a known M,,,
intake Mach number, and ratio between the stagna-
tion temperature in the fuel cell compartment and the
freestream temperature. From b, £ can be obtained
from Eq. (16). In this paper, the Mach number in the
fuel cell compartment is fixed to 1.0, which corresponds
to the choking point for MPD energy extraction in a
constant-area duct.®

The value of £ in the encrgy cxtraction dcvice is
plotted in Fig. 2 as a function of the Mach number
and the ratio between the stagnation temperature at the
entrance of the fuel cell compartment and the incom-
ing air temperature. Since energy extraction is only
performed when the incoming Mach number is higher
than 1.0, & is set to —&, in the energy extraction sec-
tion when M, > 1.0 and to zero otherwise. As Fig. 2
shows, a relatively high magnitude of &, in the range
0.10-0.25 is restrictive on the maximum flight Mach
number attainable. Indeed, the maximal flight Mach
number can not exceed 6-8 for a fuel cell compart-
ment entrance stagnation temperature 5 times the flow
incoming temperature. Meanwhile, upon reducing &,
to 0.01, it is possible to attain a flight Mach number in
excess of 15.

For the remainder of this paper, &, is typically set to
0.25 although lower values shall also be investigated.
While it might be technically difficult to lower the Joule
heating down to ten percent or even one percent of the
work interaction, this is here seen to be a necessary
constraint to maintain the stagnation temperature to a

& =0.10, & =025

¢‘< m

20

a}

[
(=

b)

Fig. 3: Optimal power bypass ratio @, as a function of the
Mach number, with M, = 1.0, Y = 1.4, and $ne;/ai =
26.06, which is found assuming that the fuel is hydrogen, the
inflow temperature is set 1o 245 K, and the fuel cell efficiency
is set to 0.6.

reasonable level in the fuel cell compartment at a high
hypersonic Mach number.

Optimal Value of the Power Bypass Ratio

The ratio of the power bypassed to the high-speed duct,
@, is determined such that the thrust is maximized keep-
ing constant the user-specified parameters such as the
intake Mach number, £. the fuel cell efficiency, etc.
The optimal value for P is hence determined iteratively
by finding the maximal thrust in the range 0 < ® < |
yielding the optimal power bypass ratio, with the latter
being a function of:

q>(Jpl =f| ()’7 ¢Sn§cef7 MZb’ M[! 561 Eby ﬂ) (32)
aj Ity
where &, is the ratio between the electromagnetic Joule
and work interaction terms in the high-speed duct, while
& is set to —&, and & before and after the fuel cell
compartment, respectively.
In Fig. 3, it can be seen that an increase in the flight
Mach number induces a considerable @, reduction,
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especially when the mass flow rate ratio is high. This
is to be expected, as the thrust is sensitive to the mass
flow rate for a small intake Mach number.! For this
reason, a high mass flow rate ratio induces a signifi-
cant fraction of the power bypassed to the high-speed
duct. On the other hand, as the flight Mach number
increases, it becomes more efficient for the power to
be added to the slow speed flow exiting the fuel cell
compartment, due to the thrust becoming progressively
more sensitive to the flow speed rather than the mass
flow rate.!

Keeping the mass flow rate ratio constant to 5, Fig.
3b shows the impact of &, and & on the optimal power
bypass ratio. For a given value of &, it is apparent
that an increase in the value of &, translates into a de-
crease of the optimal fraction of the power delivered
to the high-speed duct. This trend can be explained as
follows: as &, increases, a larger fraction of the power
input to the high-speed duct gets converted into heat
rather than work; since the heat addition process is not
performed at a pressure significantly higher than am-
bient, it does not result into thrust; therefore, &, de-
creases such that less power is allocated to the rela-
tively less performant high-speed duct. As expected,
the opposite trend is observed when &, is kept constant
and & is increased. It can hence be observed that a
Joule heating increase in either duct translates into less
power transferred to that part of the engine.

Engine Efficiency

The engine efficiency is here defined as in Ref. 1. that
is, as the ratio between the thrust of the engine multi-
plied by the flight speed and the power generated by
the fuel cells:

(33)

Substituting Eq. (14) in the latter, the engine efficiency
takes on the form:

N = mb‘l% [2[1 ~exp(Ja, "th)]
2, (v=1)M}
+2<9=2<1-<1>)—w,)]*_,

gt
™ [2[1 ~ exp(Jga —/1a)]
1, (y—-1Mm?
Jrﬁch(gwlwfg)}*__m1

- B .
m, myqy my,

+1

(34)

+1

which is a function of the following variables:

ne=h (y, BRI o M, G s ﬂ) (35)

1 M,

The engine efficiency can be seen not to be a func-
tion directly of the power bypass ratio but rather of
@1.ec/as. This is due to P being set at all times to

& =0.10, £ =025

ne

a)

b)

Fig. 4: Engine efficiency as a function of the Mach num-
ber according to Eq. (34), with M,y = 1.0, y = 1.4, and
9, M;.e;/a} = 26.06, which is determined assuming that the
fuel is hydrogen, the inflow temperature cotresponds to 245
K., and the fuel cell efficiency is set to 0.6.

its optimal value which depends on some of the pa-
rameters that the engine efficiency depends on but is
also a function of ¢,1; ¢;/a?.

In Fig. 4a, the efficiency is plotted for values of &,
and &, set to 0.10 and 0.25 respectively, while the mass
flow rate ratio between the fuel cell duct and the high
speed duct is varied from 0.2 to 20. The mass flow rate
ratio is seen to have a decreasing impact on the engine
efficiency as the flight Mach number increases, due to
the power bypassed to the high-speed duct being very
small at high Mach number. However, at a lower flight
Mach number where @ is high, a high mass flow rate
ratio is seen to result in a two- to three-fold increase in
the engine efficiency.

Keeping the mass flow rate ratio constant to 5, Fig.
4b shows the impact of &, and & on the efficiency. As
the flight Mach number is increased, the efficiency is
observed to be progressively more sensitive to &, rather
than &,. This is postulated to be due to a combination
of three phenomena: (i) as outlined previously, most
of the power generated at a high flight Mach number
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Fig. 5: Specific impulse versus the flight Mach number ac-
cording to Eq. (37); &; is set t0 0.1, the fuel cell efficiency to
0.6, and T} to 245 K; except for the H,-0, rocket, alf cngincs
are airbreathing and use H, as fuel.

is not bypassed to the high-speed duct, but is rather
added to the low-speed flow downstream of the fuel

cells, (i) the amount of energy extracted from the flow

increases along with the flight Mach number, and (ii1)

the amount of Joule heating in the fuel cell duct in-

creases proportionally to the product between &, and

the sum of the energy extracted and added as work be-

fore and afier the fuel cell compartment. Therefore,

as the Mach number increases, the efficiency becomes

mostly a function of the amount of Joule heating present
in the fuel cell duct. On the other hand, when the flight

Mach number is low, the amount of Joule heating in

the high-speed duct plays a more predominant role due

to the high power bypass ratio and the small amount of
energy extracted.

Specific Impulse

By definition, the specific impulse corresponds to the
ratio between the engine thrust and the fuel mass flow
rate times the gravitational acceleration:

Isp = ’i" (36)

M8

Noting that s, = rity ¢, the latter can be rewritten to:

Ip= F __Fau® _ & N4 _ Mo e
"T g q, Pyindg g ¢ ag g%)

where &, is taken from Eq. (28). The specific impulse
is hence a function of the following variables:

- dnpeer Nicer ity
Ly=f; (71 __;%g___, ‘t‘l‘:?': My, M,, & 6,,, E

(38)

Fig. 6: Schematic of the energy extraction section part of
the fuel cell duct. The magnetic and electric field vectors
are perpendicular 1o the velocity vector and to one another to
minimize the Joule heating.

The latter is shown in Fig. 5 and compared to the one
of a turbojet, ramjet. scramjet, and rocket over their
respective range of operation. Throughout the Mach
number range 1-15, the specific impulse of the magjet
is typically 1.5-3 times the one of airbreathing chemi-
cal engines.

As was shown in a previous section, in order to
limit the stagnation temperaqure in the fuel cell com-
partment to five times the freestream temperature, it is
necessary to fix &, to at the most 0.10-0.25 when the
inflow Mach number is less than 6~8, and to as low as
0.01 when the inflow Mach number increases to 20. As
can be seen from Fig. 5, decreasing &, also has the ad-
vantage of increasing significantly the specific impulse
at higher speeds, with a magjet specific impulse being
5 times the one of the scramjet or the rocket at Mach
15.

Although not shown in Fig. 3, it is noted that a
change in the mass flow ratio does not affect signiti-
cantly the specific impulse for a flight Mach number in
excess of 6 due to very little power being bypassed 1o
the high speed duct. However, at a lower Mach num-
ber, a higher mass flow ratio is beneficial in increas-
ing the specific impulse, with the maximal observed
increase being of about 45% at Mach 1 for a fourfold
increase in the mass flow ratio,

Electromagnetic Properties in the Energy
Extraction Section

In this section, the electromagnetic properties are eval-
uated in the energy extraction section part of the fuel
cell compartment. In order to minimize the Joule heat-
ing. the electric and magnetic fields are positioned per-
pendicular to one another and to the velocity vector.
as depicted in Fig. 6. In Ref. 8, an expression for
OB (xy, ~ x;,) /P14, 25 a function of ¥, £ and the Mach
numbers at stations 1b and 2b is outlined, for the spe-
cial case of a constant &, magnetic field, and electrical
conductivity. Noting that the dynamic pressure corre-
sponds to p,g3/2, the normalized magnetic field term
can be rewritten to:

OB (xp = Xp) _ OB xp, —xy )M,a,
plql 2Pd)’n

(39)
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Fig. 7: Contour levels of 6B (xy, —x,.)a,/ Py, in the energy
extraction section, as outlined in Eq. (40), with the specific
heat ratio fixed to 1.4; appropriate units for 0, B., x, Py,
and a, are mho/meter, Tesla, meter, Pascal, and meter/second
respectively.
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Fig. 8: Contour levels of GEZ(xy, ~ X1p)/Pyya, in the en-
ergy extraction section according to Eq. (42), with the spe-
cific heat ratio fixed to 1.4; appropriate units for o, E,, x,
FPyyn» and a, are mho/meter, Volt/meter, meter, Pascals, and
meter/second respectively.

Substituting the latter in the expression for 6B2(x,, —
X15)/ P14, in Ref. 8, the following can be obtained:

OBj(xy —xy) _ _ 2by+2
PyoJay  b(y+1)EM,
o | (Aae=D) F exp(iz?)
Mb-G,))  expi;)

(40)
which yields the normalized magnetic field term given
&, v, M, and M,,. On the other hand, should the elec-
tric field be constant throughout the energy extraction
section with the magnetic field varied; an expression
for GE}(xy, — x,,)/P,q, can be found in Ref. 8 as a
function of M, M,, , v, and &. Rewriting this term as a

function of the dynamic pressure yields

OE] (xp, = Xyp) _ OE} (xy, —x,,) YM,

= 1)
qul 2alpdyn

Upon substituting the latter into the expression for the
normalized electric field,? it can be stated that:

OE}(xy~ 1) _ 2(E+1) [_I_Z'_'}.Mlz

Paynay - E(y—1)M, 2
+ (1 + = 1M§) <b“1‘4‘2)%’:—:)i (Aﬂ) S
2 b—-M? M,
(42)

The normalized magnetic and electric field terms are
plotted in Figs. 7 and 8 for an inflow Mach number
varying from 1.0 to 19 and a magnitude of £ not ex-
ceeding 0.25. In the analysis that follows, it is assumed
that the dynamic pressure and the entrance sound speed
are not a strong function of the inflow Mach number.
The assumption of a constant sound speed is excellent
as the air temperature does not vary much throughout
the atmosphere.' Further, maintaining a constant dy-
namic pressure flight path is desirable for high-speed
flight vehicles in order to keep the heat loads and fluid
forces on the vehicle within a reasonable range. It can
be seen that for a constant incoming sound speed and
dynamic pressure, the normalized magnetic field term
generally decreases as the incoming flow Mach num-
ber increases for a given §. This is postulated to be
due primarily to the decrease in flow density for an in-
crease in flight Mach number at constant dynamic pres-
sure. However, the opposite trend is observed for the
electric field, which is seen to increase along with the
flight Mach number. This is attributed to the electric
field scaling in magnitude approximately in proportion
to the product between the magnetic field and the flow
speed,® with the latter increasing at a faster rate than
the magnetic field decreases.

A striking aspect of the normalized magnetic and
electric field terms is their very high dependence on
&, especially at a high Mach number. More precisely.
both the normalized magnetic and electric field terms
increase approximately fifty-fold for £ varied from -
0.25 t0 -0.01 when the flow Mach number is greater
than 10. This is particularly troublesome as a low mag-
nitude of § is necessary at high Mach number to limit
the flow stagnation temperature in the fuel cell com-
partment. It can hence be seen that a combination of a
very high magnetic field, electric field, electrical con-
ductivity, and length of the energy extraction section
would be required to limit the stagnation temperature
in the fuel cell compartment to a reasonable value when
the incoming Mach number is high. While there is
hope that advances in superconductors can yield mag-
nets generating a high magnetic field strength, the lat-
ter would necessarily induce a high electric field when
the amount of Joule heating is small. Indeed, the elec-
tric field vector must approach the vector B x ¥ both in
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terms of magnitude and orientation in order to mini-
mize £.2 However, the electric field cannot be too high
as sparks would form, and the length of thc energy ex-
traction section cannot be too high as this would in-
crease the boundary layer height hence increasing the
possibility of flow reversal. For the latter two reasons,
it can be deduced that a very high electrical conduc-
tivity is necessary in the energy extraction section for
airbreathing flight in the high hypersonic range.

Conclusions

To limit the stagnation temperature of the air flowing
through the fuel cells, it is seen to be crucial to lower
the magnitude of the ratio between the Joule heating
and work interaction terms in the energy extraction sec-
tion prior to the fuel cell compartment. Beyond a flight
Mach number of 15, the ratio must be decreased be-
low 0.01 to limit the air stagnation temperature in the
fuel cells to S times the freestream temperature. Addi-
tionally to being crucial in limiting the air stagnation
temperature in the fuel cell compartment, the amount
of Joule heating affects the engine efficiency consider-
ably at high Mach number, while exhibiting a much re-
duced impact at lower speed. For instance, a decrease
in the Joule heating / work ratio from 0.25 to 0.01 in-
duces a rise in the engine efficiency from 0 to 0.86 at
Mach 20, but of only 10% at Mach 3.

While it is seen to be possible to obtain a high en-
gine efficiency and a low air stagnation temperature in
the fuel cell compartment up to a flight Mach num-
ber of 15 by limiting the Joule heating to 1% of the
work interaction, it is cautioned that this might be very
difficult to achieve in practice as a small value of the
Joule heating necessarily increases the required mag-
netic and electric field strength, as well as the flow con-
ductivity. But more importantly, such a small amount
of Joule heating requires the magnitude of the prod-
uct between the speed and the magnetic field to be
within 1% of the magnitude of the electric field.® In an
actual engine, the speed disturbances in the flow due
to the boundary layer or atmospheric non-uniformities
are expected to make it difficult to decrease the Joule
heating to that level. Should it not be possible to de-
crease the Joule heating / work ratio below 0.25, an
airbreathing magjet engine would not be able to oper-
ate beyond Mach 6.5 without raising the air stagnation
temperature in the fuel cell compartment to more than
3 times the incoming temperature.

Along a constant-dynamic-pressure flight path, the
product of the square of the electric field and the elec-
trical conductivity is seen (o increase considerably in
the energy extraction section of the fuel cell duct when
(1) the flight Mach number increases, and (ii) when the
magnitude of the ratio between the Joule heating and
work interaction term decreases. This is particularly
problematic since it is necessary to minimize the Joule
heating as the Mach number increases in order to main-

tain the stagnation temperature of the air in the fuel cell
compartment to a rcasonable level. Since the electric
ficld cannot be too high as sparks would form, an ¢l-
evated level of electrical conductivity is expected for
flight in the high hypersonic regime.

For a flight Mach number lower than 8, the mass
flow rate ratio between the high-speed and fuel cell
ducts is seen to affect considerably the engine efficiency.
with the latter increasing by as much as 3 times for
a mass flow rate ratio increased from 0.2 to 20. At
higher flight Mach number, varying the mass flow rate
ratio between the same bounds affects the engine effi-
ciency by less than 10%. The optimal power bypass
ratio is also observed to be significantly less sensitive
to a change in the mass flow rate ratio in the hyper-
sonic range. Based on these observations, it can be
concluded that a high mass flow rate in the high-speed
duct is important to the performance of the magjet at
lower Mach number but not necessary when the latter
exceeds 8—10.
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