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Analysis of a Fusion-Electric Airbreathing Earth
to Orbit Launch Vehicle
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A novel, advanced airbreathing propulsion system, the simultaneous heating and expansion (SHX) engine, is
proposed. The SHX uses coherent beam emitters to couple energy generated by a fusion reactor to the engine
flowpath. A quasi-one-dimensional model was developed to calculate axial flow properties in the inlet, combustor,
and expansion sections. Models were developed for three different beam emitters: an HF laser, CO, laser, and
electron beam. Mass relations for the engine components were derived from the literature. SHX simulations
produced similar performance to an idealized scramjet, but superior performance in comparison to a baseline
fusionrocket. These results indicate the SHX concept could potentially provide the significant performance increase
required to meet launch cost goals set by NASA and is worthy of further study.

Nomenclature

cross-sectional area, m?

thrust, N

enthalpy, J/kg; height of engine inlet, m
beam intensity, W

specific impulse, s

length of engine inlet, m

mass, kg

power, W

pressure, Pa

heat input per unit mass, J/kg

gas constant, J/kg - K

stream thrust function, m/s
specific thrust, m/s

entropy, J/kg - K; path variable, m
temperature, K

velocity in x direction, m/s
absorptive coefficient, 1/m

= density, kg/m®
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Subscripts

combustor

expander

beam emitter

fusion system

inlet

thrust chamber

conditions at nose of vehicle
conditions at expansion area discharge
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Introduction

PACE exploration in the 21st century will require more cost-

efficient launch systems for placing payloads into Earth orbit.
These approachestypicallyinvolveincreasingengineefficiency and,
thus, payload mass. This mass increase could also be used for addi-
tional systems to increase redundancy (and thereby increase safety)
and to reduce operations requirements. Various rocket and turbine-
based airbreathinglaunch propulsionconcepts have been proposed.
However, most of these concepts do not provide the significant per-
formance increases required to meet the aggressive cost goals set
by NASA.

This paper describes an advanced airbreathing propulsion sys-
tem called the simultaneous heating and expansion (SHX) engine.
The SHX concept uses a coherent-energy beam, such as a laser or
electron gun, to depositenergy into the working air. A fusion reactor
generates the energy to avoid the complications of fission reactors.
The engine flowpath is designed with a changing axial area profile
to alleviate thermal choking due to energy deposition. The result is
an engine flow that receives large amounts of power from a com-
pact energy source. The flow experiences minimal obstructionsand
can be expanded while heating to produce a high-energy exhaust.
The resultant thrust may be suitable for launch applications either
as primary propulsion or for thrust augmentation.

The SHX offers several potential advantages over traditional air-
breathing systems. The compact fuel source eliminates the need
for large, heavy fuel tanks typical of current systems. Less tankage
producessmaller vehicles, thereby realizing an aerodynamicadvan-
tage. The SHX may potentially operate over a greater Mach number
range than current airbreathing engines. Should this prove true, the
SHX could replace several airbreathing cycles in a combined cycle
system, thereby simplifying the overall engine.

Analysis of all of the potential advantages would require simula-
tion of the SHX performance for several vehicle concepts through
a full trajectory. This feasibility study compares SHX performance
to a conventional scramjet at a point in a typical flight trajectory
of a combined cycle propelled launch vehicle. To accomplish this,
the authors created a computer model that calculates the gasdy-
namic properties of the SHX propulsion flowpath from the vehicle
tip to tail. The simulation also models the mass-power relations for
the fusion and beam emitter subsystems. A complementary simula-
tion of an idealized scramjet engine was performed for comparison
purposes.

Note that a practical fusion reactor is not in operation today.
The SHX concept anticipates the difficulties with maintaining a
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fusionreaction will be overcome, and a viable, flight-capablefusion
system will eventually be deployed. Until that happens, the research
described herein can help address the systems engineeringissues of
using a fusion source in a highly efficient Earth to orbit vehicle.

SHX Simulation Model

Overview

The SHX model simulates the gasdynamics of the tip to tail en-
gine flowpath. The model also calculates engine performance and
weightand power requirementsfor the fusion power and beam emit-
ter subsystems. Figure 1 shows a theoretical SHX powered vehicle.
The engine flowpath can be divided into several regions, each in-
volving different underlying phenomena. Stations are defined with
numeric designations for the interfaces between the flowpath com-
ponents consistent with those defined by Heiser and Pratt.! Each of
theregionsillustratedin Fig. 1 is describedin the following sections.

Fusion Reactor

Several reactor concepts are currently being researched, with the
potential to achieve practical fusion in the near future. One promis-
ing concept is the quiet electric discharge (QED) system,” which
uses inertial electrostatic confinement to achieve fusion. Figure 2
illustrates an expanded view of the fusion chamber and electrical
conversiondiagram. Injecting electron beams creates a negative po-
tential well in the center of the fusion chamber. The well isrestrained
by an externally applied electric field created by concentric grids in-
side the fusion chamber. The charged particles generated in the fu-
sionreaction push againstthe electric field. The resultantinteraction
creates a voltage differential that can be used for power production.
Bussard assumed a p- B! reaction for the QED concept, primarily
becauseitis aneutronic > However, this reactionis also very difficult
to ignite.?

Bussard developed several empirical equations that predict the
componentweightsof a QED fusionengine ? To allow power system
scaling, each weight is defined as a function of a nondimensional
ratio of the fusion reactor power output to a reference power,

Py = P /2150 - MW (1)
The th mass relation to the design power is defined by
my = 400P; + 100P, %" + 40 kg )

This relationship includes mass estimates for the beam optics and
the propellant turbopump assembly. The fusion power source mass
is modeled by

mg, = 250P, + 550P¢" + 600 kg 3)

This mass component includes the reactor, the magnetic field gen-
erators, and the structural shell.

Bussard’s QED rocket concept used an electron beam to heat
the fuel? The current SHX concept uses lasers or an electron gun
assembly. It is assumed that the electron gun weight is roughly
comparableto the weight of a laser assembly at the same total beam

Atmosphere Inlet

Combustor

strength. The method for creating and focusing a beam (whether
laser or e-beam) is herein referredto as the beam emitter subsystem.
Its mass is modeled by

my = 1800P) " kg )
The total engine assembly mass,
Mgl = M + Mg + Mgy (5)

is used as a conservative estimate of the total SHX engine weight
for calculating thrust-to-weightparameters.

The fusion system is considered a black box that produces the
power necessary to drive the SHX engine. The mass-power rela-
tionships presented comprise the extent of fusion power analysis in
this study.

Inlet Section

To allow a direct comparison between the SHX and scramjet
models, the same two-shock external-internal inlet design was used
for both (see Fig. 1). The air throughout the inlet flowpath is as-
sumed to be a calorically perfect gas. In addition, the inlet is as-
sumed to operate at design conditions, that is, the bow shock is
always on the cowl lip. To maintain this condition, the optimal in-
let length /; and area A, are considered variables to be calculated
by the program. The bow shock is reflected by the cowl lip and
terminates at the junction of the inlet compression ramp and the
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Fig. 3 Schematic of combustor and expansion sections showing differential volumes.

combustor duct. The assumption of design condition operation pre-
cludes an off-cowl shock, which would introduce a complex two-
dimensional flow. Although not valid for a full trajectory profile,
this assumption is sufficient for the point solutions analyzed in this
study.

Combustor/Expansion Section

As discussedin Ref. 4, the equationsto calculate the fluid proper-
ties in the combustor and expansion sections are derived assuming
the flow is steady, supersonic, inviscid, and quasi-one-dimensioml
with heat addition. The combustor and expansion sections are di-
vided into differential volumes as illustrated in Fig. 3. Under the
assumption of sufficiently small differential volumes, a linear rela-
tionship between pressure and area replaces the pressure integral in
the momentum equation. The resultant quasi-one-dimensioml gov-
erning equations for mass, momentum, and energy in a differential
volume of axial length Ax are

Pelly Ay = PxgaxUay axAxtax 6)
{02 A + peAy + [(Pxsan + P0)/2(As s s — A

= [pX+AXu/\2»+AXAX+AX+“'+p,\'+AXA,\'+AX] @)
he+u[24qg=hoya+u, /2 ®)

Figure 4 illustrates the passage of a laser beam through a rep-
resentative control volume. In an operational system, multiple
beams would be projected through the volume at different angles
to meet the propulsion system heating requirements. The SHX
model assumes that the total beam energy is dispersed uniformly
over the engine duct’s cross-sectional area at every point in the
flow. In this manner we can also assume that the beam path dis-
tance As, shown in Fig. 4, is approximately equal to the volume
length Ax.

The model for beam attenuation and airflow heating is presented
in Ref. 4. The resultant heat addition in a volume can be defined
as a function of beam attenuation, absorption coefficient, and gas
properties as

laAs Iioay— 1,
q= A XA ©)
pXuXAX IOXMXAX

Solutions for both frozen and equilibrium flow are calculated.
The actual flow is bracketed between these two solutions® The su-
personic flowpath calculations must proceed moving downstream
from the fore toward the aft of the vehicle. However, the energy
beams are directed axially from the aft toward the front of the

Cross-Section
of Laser Beam

Fig. 4 Differential volume showing beam geometry.

combustor section. An iterative solution, illustrated by opposing
arrows in Fig. 3, is, therefore, required because both calculations
are coupled through the beam absorption coefficient and attenua-
tion profile. This iterative method is described in greater detail in
Ref. 4.

One concern is the reflection of incident beams off of the engine
walls. Brown et al.® suggest that a laser beam will be refracted away
from the wall by the high-density gradients in the hot boundary
layer. Therefore, laser heating of the engine walls is neglectedin the
current analysis.

The flowpath axial area profiles shown in Fig. 5 are defined
through user-specified parameters. Currently, there are three area
profile options: bilinear, parabolic, and constant slope. The inlet
section is the same for all options. The bilinear option assumes that
the area varies linearly with axial distance in both the combustorand
expansionsections. The slopes for each sectionare derived from the
user-defined area ratios (A4/A; and Ay/A,). The parabolic option
assumes the same linear profile for the combustor section as the bi-
linear case, but the expansion section varies proportionallywith 4/x.
This option was designed to represent more accurately expansion
section contours found in typical airbreathing concepts. The final
area option assumes a constant slope across both the combustor and
expansion sections. This slope is derived from the product of the
combustor and expansion area ratios (A 5/ A3).

Performance Parameters

Comparison between the SHX and existing propulsion concepts
requires an understanding of several engine performance param-
eters. Because the mass of fuel injected into the airstream is as-
sumed to be negligible,the mass flow rate remains constantthrough-
out the engine flowpath. The stream function is defined as the
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Fig. 5 Axial area profiles for the SHX combustor and expansion sections.

thrust force per unit mass flow rate of air at a specific operation
ol
point,

Sa:u(1+RT/u2) (10)

The engine’s net thrust is determined by a momentum balance
between the incoming and outgoing airstream and can be found
using the stream functions at those points. Based on the properties
at stations 0 and 10 (see Fig. 1), the net thrustis given by

F =[(Sayy — Sap) — (RyTy/up)(Ayg /Ay — 1)]m (1D

Specific thrust is a performance parameter frequently used in lieu
of specific impulse for airbreathing vehicles. It is defined as the
thrust per mass flow rate of ingested air,

ST = F Jring (12)

This parameter can be used for engine scaling purposes. The engine
inlet is sized to provide an air mass flow for the required thrust.
Obviously, the highest possible ST values are desired.

The engine thrust-to-weight (7/W) ratio is another measure of
performance. Because the engine and fuel comprise the major por-
tion of the vehicle weight, this parameter also estimates the ve-
hicle acceleration in multiples of Earth’s gravity experienced at
liftoff.

The specificimpulseis the totalimpulse thattheenginecandeliver
divided by the weight flow of the propellant,!

I, =F/m;g (13)

Specific impulse is by far the most popular parameter used for com-
paring propulsion systems. However, it is difficult to apply this pa-
rameterto the SHX because the engine burnsfuel atanegligiblerate.
For example, an 8000-MW fusion reactor operating with a D + He?
reaction would consume only 0.008 kg of fuel over a 6-min flight
time. Even accounting for inefficiencies in the reaction and power
conversion, it is clear that this mass is insignificant. Estimates of
specific impulse based on fusion fuel expended would not give an
accurate representation of the effectivenessof the SHX.

Beam Emitters

Coupling of the heating mechanism with the working airflow
in the SHX engine is a function of the type of beam, absorption
coefficients, and the gas properties. Obviously, high absorption co-
efficients are desired to facilitate air heating. Three different beam
types have been identified as potentially suitable for this engine con-
cept: a hydrogen-fluorine (HF) laser, a carbon dioxide (CO,) laser,
and an electronbeam (e-beam). Each of these is described in further
detail hereafter.

HF Laser

The HF chemical laser has the potential for very high-power op-
eration. The HF reaction produces vibrationally excited molecules,
which release energy through emitting quanta. The majority of the
quanta are concentrated in the 2.7-2.8 um band, which is strongly
absorbed by the CO, presentin the air. Expanding the air then con-
verts this thermal energy into flow kinetic energy.

Miles et al.” derived absorption coefficients from the HITRAN
model® They assumed the laser energy is concentrated at a wave-
length of 2.76 um. Macheret et al.” reported experimental results
that indicate high-pressure effects act to increase the absorptivity.
They also found that the HITRAN database underpredicted the ab-
sorption coefficients. Macheret et al. attributed the underprediction
to the HITRAN database not accounting for secondary excitation
modes between the atmospheric molecules and the incident beam.

With the datareportedin Ref. 6, arelationshipbetween absorption
coefficients and the local gasdynamic properties was determined.*
Charts published by Miles et al.” showed pressure and temperature
data vs axial position for a wind-tunnel section heated by an HF
laser. Total enthalpy values calculated from these properties led
directly to determining the energy absorbed between axial stations.
Equation (8) was used to calculate the power of the incident beam
at each axial station. Absorption coefficients were then found at
each axial station using Eq. (9). The chemical equilibrium analysis
(CEA) code!'® was used to derive air densities for the temperatures
and pressuresgivenin Ref. 6. Figure 6 shows the resultantabsorption
coefficientdata plotted vs density, along with a series of polynomial
curve fits used in the HF beam model.

Most HF laser assemblies are designed to operate with an open
mass loop. However, in this approach, the mass of reactantsrequired
to propel a transatmospheric vehicle would not offer any advan-
tages over a chemical rocket. To close this loop requires a means
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Fig. 6 Calculated absorption coefficients of air vs density for HF laser energy at 2.76 pxm; polynomial curve fits are shown by solid lines.

of disassociating the HF downstream of the laser cavity and recy-
cling the constituents. Pumping the HF through the cooling coils
surrounding the fusion reactor might provide the disassociationen-
ergy. The masses of the cooling coils, pumps, and other equipment
are already accounted for in the fusion reactor mass equations. It
is assumed that the laser optics system is comparable in mass to
the equipment necessary to generate an electron beam. Therefore,
the only new mass introducedby the use of an HF laser is that of the
hydrogen and fluorine reactants and the helium dilutent.

Gastaud et al.!! reported H,, F,, and He mass flow rates for a
specified HF laser beam power. Scaling these values to the power
requirementsof the baseline SHX vehicleyieldsa total reactantmass
flow rate. Computing the total reactant mass from the mass flow rate
requires multiplicationby a cycle time. The authors assumed a time
to cycle throughout the reactant loops of 0.1 s. This assumption is
addressed in Ref. 4.

CO; Laser

The second approach considered for coupling energy to the SHX
airflow involves the use of a CO, laser. This laser is similar to the
HF laser in that there is a gaseous medium being stimulated to emit
quanta.!?

Atmosphericair tends to be transparentto the wavelengths gener-
ated by CO, lasers. CO, and H,O are the only two molecules in the
atmospherethat have appreciable absorptive cross sections. Duley!?
reported CO, and H,O absorption coefficients for a wavelength of
10.59 pum. The authors normalized those equations to density to
obtain

dco, = 1.44 x 1072(0.8350)" exp[—2.747p la(10)] 1/cm  (14)
a0 = 4.32 x 1071 p(641.606p + 193p) 1/ecm  (15)

Here, density is in units of kilograms per cubic meter, and p repre-
sents the partial pressure of water in torr.

Energy absorbed by the H,O molecule is almost instantaneously
converted to translational energy. Energy absorbed by the CO,
moleculeis trapped in vibrational levels for a longer period of time
(approximately 1 ms) (Ref. 12). The CO, molecule absorbs very
little of the incoming energy, reaching a maximum of 0.2%/m in a
density range of less than 1 kg/m>. Higher densities show negligible
absorption. For these reasons, absorption by the CO, molecule was
omitted from this analysis.

Equation (15) shows that absorption is dependent on the partial
pressure of H,O. To increase H,O concentrations, the CO,-laser-
based SHX conceptassumesinjectionof H, intothe engine flowpath
ata 50% stoichiometricrate. The injected fuel is assumed to spread
uniformly throughoutthe axial length of the engine. Analyses using
the CEA program suggest the reaction of H, and air at this O/F

ratio will predominately produce H,O. Even at 4000°R, the equilib-
rium hydrogen byproducts other than H,O (H+, OH~, H;0™, etc.)
comprise less than 1% of the mole fraction of the products. With
mixing losses included, it is conservatively assumed that 85% of
the injected H; is converted to H,O. The absorption of the incident
laser beams is then calculated using the local H,O partial pressure.

The injection of H, causes several changesin the engine flowpath
that are not experienced by the other beam heating modes. First, in-
jected H, adds mass to the flowpath. However, for a stoichiometric
mixture of H, with inlet air, the change in mass is less than 3%
of the air mass flow rate. This small change is typically ignored
for high-level engine analyses and is, therefore, neglected here.
Second, the combustionprocessreleases heatinto the airstream. The
heat released by combustion goes partially to heating the injected
hydrogen, which is typically injected at temperatures much colder
than that of the working air. To model this effect, alower combustion
efficiency of 60% was used to account for the reduced combustion
energy available for heating the working air. Finally, the combus-
tion reaction changes the composition of the working air. If all of
the available oxygen is combusted and no radicals are present, the
specific R canchangenearly 8.5%. This order of erroris comparable
to the other error sources and is, therefore, neglected.

Electron Beam

The third approach considered for directly heating the SHX air-
flow is the electron beam. This system projects high-energy elec-
trons into the workingair. Energy is imparted throughmolecularcol-
lisions with the electrons. Collision with amuch heavierairmolecule
(N, or O,) tends to deflect an electron from its original trajectory.
Therefore, a magnetic field must be generated in a direction per-
pendicular to the airflow and parallel to the e-beam direction. The
field assists the beam in penetrating the working air. In this system,
the fusion reaction provides the necessary source of free electrons.
The weights of the e-beam generators and peripheral equipmentare
fully accounted for in the fusion engine mass relations [Eqgs. (1-4)].

Energy transfer from the e-beam to the air happens much quicker
than the radiative processes in the other two laser-based concepts.
Bussard? states that the e-beam energy provided in his predictions
will be completely absorbed within 0.5 m. Macheret et al.'* de-
scribed a system where e-beams are fired from both sides of a
duct. The combined effect of both beams generates a relatively
uniform heating profile across the majority of the duct. The quasi-
one-dimensional SHX model already assumes a uniform heating
profile. Several beam emitters would be placed along the length of
the combustorin an operational system.

E-beam heating excites the vibrational modes of the N, and O,
molecules in the air.!* Initially, up to 80% of the absorbed energy is
contained in N, vibrational modes. These vibrational modes relax
primarily through collisions with free oxygen radicals and water
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Fig. 7 Power flow diagrams for candidate SHX beam emitter systems.

molecules. Calculating this relaxation time and multiplying by the
velocity of the flow yields a minimum distance for the element
width in the SHX model.* In this manner, an assumption that the
input energy is fully relaxed and that vibrational nonequilibrium
can be neglected is justified. Furthermore, due to the difficulty in
penetratingair with a relativistice-beam, it is assumed that the beam
energy is fully absorbed by the working air.

Concept Summary

Figure 7 illustrates the power flow through the three candidate
beam emitters for the SHX engine. In all cases, the fusion reactor
produces the necessary power Pg0n. The conversion between the
electricalenergy generatedby thereactorto beam energy is assumed
to be 50% (Ref. 4). At this point, the SHX operation deviates based
on the type of beam emitter.

In the HF laser option (Fig. 7a) the power from the reactor is
used to disassociatethe HF reactants, which cycle between the laser
and a disassociationchamber. The disassociatedreactants flow into
the lasing cavity. The laser beam is then directed into the engine
flowpath. Beam energy absorptionis based on the polynomial curve
fits shown in Fig. 6.

In the CO, laser mode (Fig. 7b) the fusion power is used to drive
theelectricaldischargeacrossthelasingcavity. Again the conversion
efficiencyis assumedto be 50%. The CO, energy absorptionis based
on Eq. (15). The fuel power, the product of the mass flow rate and
the heating value (HHVy,) of hydrogen, is shown originating from
the H, tank. The amount of power that actually makes it into the

flowpath is the product of the fuel power, the mixing efficiency, and
the combustionefficiency. In this study, the beam power for the CO,
laser was reduced by the fuel power to compare it with the other
beam emitter options at the same total power.

Electrical power from the reactor for the e-beam emitter option
(Fig. 7c) is converted into a coherent beam with a 50% efficiency.
The beam is then directed transverselyinto the flow. A 100% energy
absorptionrate is assumed.

Results

Simulation Cases

Most scramjet engines are designed to operate in a Mach number
regime of 4.0-12.0 with higher specific impulses at the lower Mach
numbers. Trajectories that maximize air mass capture are desirable.
By the use of an airbreathing trajectory defined by Billig,'!> SHX
and scramjet performance were simulated for a Mach number of 5.0
and an altitude of 65,750 ft.

The power-to-mass relationship for the fusion engine scales fa-
vorably with size. Therefore, the maximum benefit of employing a
nuclear reactor is only realized when the vehicle is large enough to
warrant using such a power system. On the other hand, the ultimate
goal of this project is to develop an airbreathing vehicle that can
emulate airplane-like operation. The baseline SHX vehicle geom-
etry (see Fig. 1) was designed to be similar in size to the Space
Shuttle Orbiter. The airflow passed through a bow shock generated
by a wedge-shaped forebody with a 25-deg half-angle. The flow
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Table1 SHX simulation cases

Case Area profile Total power, MW  Mode of heating
1 (Bilinear) 1 4000 (HF) 1

2 1 4000 (COy)2
3 1 4000 (e-beam) 3
4 (Parabolic) 2 4000 1

5 2 4000 2

6 2 4000 3

7 (Constant slope) 3 4000 1

8 3 4000 2

9 3 4000 3

10 1 3000 3

11 1 3500 3

12 1 4500 3

13 1 5000 3

was then turned back 25 deg through an inlet shock so that it was
parallel to the engine duct. Consistent with the station nomencla-
ture shown in Fig. 1, the combustor length was /. =40.0 ft. The
combustor inlet height and width were 3 and 12 ft, respectively.
To alleviate thermal choking, the combustor duct expanded with an
area ratio of Ay/A; =3. The combustor flow exits to an isentropic
expansion surface with a length of /, =50 ft. The expansion area
ratio of A;o/ A4 =4 was selected to maintain the exit pressure above
the ambient pressure.

Several parameters must be optimized to maximize SHX perfor-
mance. First, the cross-sectional area profile has a strong effect on
the flow properties. Although the inlet and exit areas were kept con-
stant, the effects of the internal change of the area were investigated.
The second variable studied was the heating mode (HF laser, CO,
laser, or the e-beam). Finally, the effect of total heat input on the
engine performance was evaluated. Table 1 summarizes the various
simulation cases. Both frozen and equilibrium cases were analyzed.

Specific Thrust and Impulse

Figure 8 illustrates the specific thrusts calculated for simulation
cases 1-9. Note that the equilibrium chemistry specific thrusts trail
those for frozen flow in all cases. As mentioned earlier, the equi-
librium calculation accounts for energy that resides in vibrational
excitationof the molecules. This energy does notcontributeto thrust,
and, therefore, the specific thrust is lower. Comparing bilinear area
profile (cases 1-3) and the parabolic profile (cases 4-6), it is clear
that the parabolic profile provides a more efficient expansion. The
constant slope duct (cases 7-9) clearly underperforms the other
cases due to fast expansion producing low densities. The lower den-
sities yield lower absorption coefficients and, thus, the working air
absorbsless of the incidentbeam. The more rapid area change in the
engine section for the constantslope duct provides less opportunity
for isentropic expansion and, therefore, less thrust.

HF-laser heating (cases 1, 4, 7) outperforms the CO, laser (cases
2,5, 8) in all cases except for the bilinear duct. One possible expla-
nationis that the linear expansionprofile does not efficiently expand
the added energy provided by the HF laser (as compared to the CO,
laser). Also, the CO, laser has a less steep initial heating profile
(see Ref. 3). Thus, at the combustor exit (station 4), the CO, laser
heated flow has not decelerated to the level of the HF laser flow.
In cases 4 and 5, the parabolic profile is able to better expand the
heatedengine flow. In case 7, the constantslope profile alleviatesthe
deceleration effects of the HF heating profile by virtue of the larger
cross-sectionalarea at station4. The e-beam mode (cases 3,6,and9)
significantly outperforms the other modes by virtue of its constant
heating profile and the assumption of 100% energy absorption.

The reference line shown in Fig. 8 is the specific thrust for an
idealized scramjet engine calculated by the HAP program.! Input
parameters similar to those for the SHX simulations were used,
as well as other reference values given on pages 431 and 432 of
Ref. 1. To provide a consistent basis for performance comparisons,
the scramjetseveralreference values were modified as follows. First,
the ratio of specific heats was set to 1.4 to simulate frozen flow.
Second, the fuel heating value ratio was reduced to give an energy
input rate (5000 MW) equivalent to the highest rate in the SHX
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Fig. 8 Effects of area profile and beam emitter on specific thrust for
simulation cases 1-9 defined in Table 1.

analysis. Third, inviscid flow was assumed consistent with the SHX
model. Under these conditions, a specific thrust of 55.3 1bf - s/lbm
and a specific impulse (based on the fuel mass flow rate) of 1898 s
were calculated for the scramjet.

E-beam simulation cases 10-13 were designed to investigate the
effect of energy input on specific thrust. Along with simulation
case 3, these cases employ beam powers varying from 3000 to
5000 MW and use the bilinear area profile (see Table 1). The upper
limit of 5000 MW was the maximum energy input allowed without
creating a thermal choke in the engine. Results are shown in Fig. 9.
The specific thrust linearly increases with energy input. These re-
sults suggest that the maximum amount of energy should be input
that does not cause choking. Additional energy can be input if the
combustor area ratio is raised. However, the combustor area ratio is
also limited by geometric constraints.

Figures 8 and 9 reveal several heating mode/area profile combi-
nations (cases 3-6 and 12-13) that perform well above the scram-
jet. Cases 1 and 2 perform at approximately the same level as the
scramjet.

Figure 10 shows the calculatedspecific impulses for the CO, laser
mode. This parameter can be determined because H, fuel is injected
in the airflow. The highest performance is found for case 5, which
uses the parabolic area profile. The lowest performance is found for
case 8, which uses the constant slope area profile. The variance in
performance can be explained by the same reasons as those given
for the variance in specific thrusts. All of the cases significantly
outperform the specific impulse for the scramjet. This comparison
can be misleading,however, because the SHX conceptsrequire mass
for the fusion system and beam emitters that is not required by the
scramjet and is not included in the calculation of specific impulse.

Thrust-to-Weight Ratio

A discussion of the thrust-to-engine-weigtt (T/W) results for the
SHX concept must be predicated by a detailed analysis of the com-
ponentmasses. The engine weightscales with the designpower level
as presented in Eqs. (1-4). Recall that 50% conversion efficiency
was assumed between the reactor and the beam emitter subsystem.
Therefore, the design power level is twice the incidentbeam power,
as listed in Table 1.

The breakdown of the individual engine component weights is
shown in Fig. 11. Itis evidentthat the required HF chemical masses
dominate the engine mass for this mode. Likewise, the H, mass is
the dominant portion of the CO; laser engine mass. Also note that
the beam emitter mass dominates the total engine hardware mass.
This suggests that efforts to reduce the engine mass should be con-
centrated on optimizingthe beam emitter subsystem. Despite having
the same design power levels, the HF laser mode cases (1, 4, and 7)
have substantiallydifferenttotal masses than the e-beammode cases
(3, 6, and 9). The difference s in the required mass of HF products
for this laser mode.

The reactor design power levels for the CO, laser mode (cases 2,
5, and 8) are substantially lower than for the other cases. This mode
derives part of its power from H; injection and combustion. There-
fore, the beam power and reactor design power were reduced by
the power derived from H, combustion to maintain a constant total
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power. The total mass, including the H, propellant, is shown in
Fig. 11. The H, propellant mass flow rate was calculated using the
50% stoichiometric value and the engine air mass flow rate. Olds
et al.!® suggest state an airbreathing vehicle operates 4-6 min in
scramjet mode (from Mach 5 to 12). Using 6 min for the flight time
and the H, mass flow rate yields a total propellantmass 0f 29,173 Ib.
Including propellant mass, this brings the CO, laser mode engine
weight up to the level of the e-beam mode.

Figure 12 shows the thrust-to-engine-weight ratios calculated for
simulation cases 1-9. As noted earlier, for a given beam emitter
mode the performance is highest for the parabolic expansion area
profile, and the constantslope profile shows the worst performance.
Figure 12 alsoillustratesmajor variancesbetween the differentbeam
emitter modes. The HF laser cases exhibit the lowest 7/W ratios

becausethe added chemical mass more than doubles the total weight
of the engine. The CO, laser yields the highest 7/W ratios due to
the lower engine mass for this mode. However, when H, propel-
lant weight is added to the engine weight, the resulting 7/W ratios
slightly lag those of the e-beam modes. This comparison is some-
what misleading because the CO, mode will eject propellantin the
exhaust. The propellant loss will allow a higher structural mass to
be lifted by the CO, mode engine.

Comparison of the e-beam cases (3 and 10-13) shows a definite
downward trend in the thrust-to-engine-weight ratio with increasing
energy input. This is opposite the trend for specific thrust. This result
suggests that in designing an e-beam driven SHX vehicle the need
for a high 7/W must be balanced against the need for a high specific
thrust.
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and other propulsion systems.

The T/W values for other existing and proposed propulsion sys-
tems are also shown in Fig. 12. Bussard,? whose QED rocket engine
systemserves as the model for the fusionengine of this study, reports
thrust to engine weight ratios in the range of 2-6. Borowski et al.'”
outlinedanuclearthermalrocketfora Mars mission with a thrust-to-
engine-weightrange of 3-10. Sutton'® givestypical thrust-to-weight
ratios of 75 forrocketsand 7 for a ramjet. Finally, Kreiger'® suggests
thrust-to-weightranges of 7-10 for scramjets and 50-100 for rock-
ets. Given these data, the e-beam thrust-to-weightratios fall within
the realm of typical airbreathing engines. Also, the ratios compare
favorably to those quoted for the QED rocket engine, suggesting
that ducted heating of incoming air could offer a performance im-
provementover use of onboard propellant.

By the use of the thrust-to-engine-weight ratio without fuel, the
CO; laser-mode engine significantly outperforms all of the preced-
ing engine concepts except a chemical rocket. Thus, a CO, laser-
based vehicle could potentially fly a more rocketlike trajectory, cut-
ting down on the thermal protection system requirements. The CO,
laser performance also suggests that SHX may be more attractive as
a secondary propulsion mode, adding energy to combustion gases
during airbreathing operation.

The SHX performance simulations are predicated on several as-
sumptions, including frictionless flow, isentropic flow throughout
the expansion section, and an inlet operating at design conditions.
Heiser and Pratt! suggest that including frictional flow and off-
nominal expansion have only a secondary effect on airbreathing
engine performance. However, the predicted advantages for ideal-
ized SHX performance are mitigated somewhat by the conservative
assumption of 50% conversion efficiency between the fusion plant
and the beam emitter. This drives the fusion plant to be sized for
twice the power actually directed into the engine flowpath. Higher
conversion efficiencies will almost certainly have to be achieved
in practice to avoid rejecting thousands of megawatts of waste
energy. Higher conversionefficiencies would also reduce fusion en-
gine weights and, thus, increase thrust-to-weightratios. Thus, there
is good reason to believe that a higher-fidelity model would predict
improved SHX performance.

Mission Analysis

The earlier discussion presented design point (Mach 5 and
65,750-ft altitude) performance for the SHX engine concept and
compared it to an idealized scramjet. A reasonable attempt was
made to quantify engine weights for each of the three beam emitter
modes. Mass fraction delivered to orbit is the best measure of the
performanceof a transatmosphericpropulsionsystem. However, de-
termination of mass fractionrequires knowledge of all of the forces
acting on the vehicle over a trajectory defined from launch to orbit.
The flight trajectory is then optimized to yield the best performance
through tradeoffs between the thrust and drag and gravity losses.

Weight breakdowns for the various vehicle components are also
needed for mission analysis results to be meaningful. This level
of detail is beyond the scope of this study. However, generating a
comprehensive SHX propulsiondeck at various Mach-altitude con-
ditions would provide needed data for follow-on mission analyses.

Conclusions

The various rocket and turbine-based airbreathing propulsion
concepts currently under consideration for advanced launch vehi-
cles do not provide the significant performance increases required
to meet the aggressive cost goals set by NASA. To meet this need,
anovel, advanced airbreathing propulsionsystem, the SHX engine,
is proposed. The SHX uses coherent beam emitters to couple en-
ergy generated by a fusion reactor to ingested air. A quasi-one-
dimensional model was developed to calculate gasdynamic prop-
erties through the engine flowpath. Models were developed for the
candidateHF laser,CO, laser, and e-beamemitters. A previousstudy
of a fusion rocket was used to derive mass-power relationships for
the engine components.

Design point performance for the SHX engine was calculated
in terms of specific thrust, specific impulse, and trust-to-engine-
weight ratio. Predicted SHX performance was comparable to or
slightlybetterthanthatof a scramjetengine. Several challengeswere
identified to maturing the SHX concept to the point of deployment.
The issues for the CO, and e-beam modes do not appear to be
insurmountable.Because of its significant mass requirement, the HF
laser mode currently appears to be the least attractive alternative.

The SHX modes would most likely be used in combination with
a traditional rocket mode to increase mission-averaged specific im-
pulse. The CO, laser mode performance suggests that SHX may
be more attractive as a secondary propulsion mode, adding energy
to combustion gases during airbreathing operation. However, a de-
tailed mission analysis was not performed in this study.

The results of this study indicate that the SHX concept holds
promise for much higher performance gains and is worthy of further
study. Note, however, that all of these results are predicated on the
successful development of a practical fusion power generator.
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