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Introduction

A NOVEL airbreathing propulsion system using a fusion power
source has been proposed.1 This system, referred to as the

simultaneous heating and expansion (SHX) engine, uses fusion re-
actor driven lasers to heat the air in the engine � owpath. The heated
air is then expanded for thrust. To assess performance the complex
interactions between the laser beams and the working air must be
accuratelymodeled. This Note describes an iterative technique that
models both the air� ow and beam properties throughout the engine
� ow path.

Air� ow Model
The combustor and expansion sections are divided into differen-

tial volumes, as illustrated in Fig. 1. The interface between each
volume is called a node. The � ow is assumed to be steady, inviscid,
supersonic, and quasi-one-dimensional with heat addition. Body
forces are neglected. Derivations of the governing equations for
conservation of mass, momentum, and energy with these assump-
tions can be found in most classical textbooks.2;3 When suf� ciently
small differential volumes are assumed, a linear relationship be-
tween pressureand area replacesthe pressureintegralin the momen-
tum equation.The resultantgoverningequationsfor the gasdynamic
properties in a differential volume of axial length 1x are
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where u is the air velocity, ½ the density, p the pressure, A the
engine duct cross-sectional area, h the speci� c enthalpy, and q the
heat addition per unit mass.

There are four unknown variables, u, ½ , p, and h, in Eqs. (1–3).
Therefore,an equationof statemust be includedto solvetheequation
set. The SHX model assumes either frozen or equilibrium chem-
istry to calculate the air properties. The frozen � ow equation of
state is

p D ½RT (4)

where T is the gas temperature and R the speci� c gas constant. For
frozen � ow, both R and cp , the speci� c heat at constant pressure,
are constant. The values of cp and R are variable in equilibrium
� ow. Anderson4 describes several methods to model the equation
of state for an equilibrium � ow. The model used in this analysis
is a series of polynomial correlations developed by Tannehill and
Mugge5 to expresstheenthalpyof high-temperatureair as a function
of pressure and density,

h.p; ½/ D
Q° .p; ½/

Q° .p; ½/ ¡ 1
(5)

where Q° .p; ½/ is a polynomialwith coef� cients that are functionsof
the pressure and density range. Based on a speci� ed geometry and
heat addition per unit mass, the set of Eqs. (1– 4) or (5) are solved
at each node to calculate the � ow properties through the engine.

Beam Model
The SHX concept uses laser beams to heat the ingested air.

Merkle6 modeled the relationship between the laser beam parame-
ters and the rate of energy deposition to the air by

h0
� nal ¡ h0

initial D q D I®1s=½u Abeam (6)

where h0 is the total enthalpy per unit mass, I the total power de-
livered by the laser beam, and Abeam the cross-sectionalarea of the
beam.The absorptioncoef� cient® is the fractionof energyabsorbed
per unit length of gas 1s, through which the beam traverses.

A laser beam traveling through a representative control volume
would heat only a portion of the air. Therefore, in a real system,
multiple beams would be projected through the volume at different
angles to meet the heating requirements of the propulsion system.
The SHX model assumes that the sum of all of the beams’ energy
is dispersed uniformly over the engine duct’s cross-sectional area
at every point in the � ow [Abeam D A.x/]. Consistent with this as-
sumption, the beam path distance 1s is assumed to be equal to the
volume length 1x .

Injected energy beams could potentially re� ect off of the engine
walls. An analysis by Brown et al.7 suggests that heating produces
a high-density gradient in the wall boundary layer. This gradient
refracts the laser beam before it reaches the wall. Therefore, laser
heating of the engine walls is neglected in this analysis.

The beam power attenuationis determinedby the air’s absorption
coef� cient and the path the beam takes through the gas,7

@.I=Abeam/

@s
D ¡®

I

Abeam

(7)

961



962 J. PROPULSION, VOL. 18, NO. 4: TECHNICAL NOTES

Fig. 1 SHX engine � owpath showing differential volumes.

Fig. 2 Calculated axial property pro� les for frozen and equilibrium � ow in an HF laser heated SHX engine.
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Equation (7) can be rewritten in � nite difference form for a dif-
ferential volume. Combining the resultant equation with Eq. (6)
and assuming 1s ¼ 1x and Abeam ¼ A yields a relationship be-
tween the beam attenuation and the gas heat addition per unit
mass

q ¼
Ix C 1x ¡ Ix

½x u x Ax

(8)

The axial area pro� le A.x/ must be speci� ed for a given engine
duct. The gasdynamic and beam equations are related through the
heat input variableq and the absorptioncoef� cient®, which tends to
be a function of the local density. The SHX engine model assumes
that the beams are located at the downstreamend of the combustion
chamber and projected forward (upstream). Because the engine air-
� ow is completely supersonic,� ow calculationsmust proceedmov-
ing downstream. However, the nature of beam attenuation requires
that the beam absorptionpro� le be calculatedmoving upstream.To
resolve this dilemma, the code calculates the gasdynamicproperties
by solving the conservation equations and equation of state simul-
taneously, with a uniform heating pro� le based on the total beam
energyavailable.A new heatingpro� le is determinedusingthe beam
attenuationequations.The new heating pro� le is then used to again
solve the conservation equations. This iterative process continues
until the heating pro� le converges to a predetermined level.

Model Calibration
Several techniques were used to assess the accuracy of the SHX

model calculations. Simulations were run assuming frozen � ow,
� rst with an area change and no heat addition (isentropic � ow)
and then with a constant area with simple heat addition (Rayleigh
� ow). The calculated results were compared to closed-form equa-
tions for isentropic and Rayleigh � ow from Ref. 2. The SHX cal-
culated isentropic � ow properties were within 1% of the expected
values.

For the Rayleigh � ow calculations the total heat input was lim-
ited to 100 MW to prevent thermal choking. The frozen � ow Mach
numbers along the duct were within 1% of the Rayleigh � ow val-
ues. An equilibrium� ow simulationwas also run for this heat input.
Although the shape of the axial Mach number pro� le was almost
identical,thecalculatedequilibrium� ow valueswere approximately
4% higher than the frozen � ow Rayleigh values. The temperature
for these conditions ranged from 1500 to 1800±R (833 to 1000±K).
Air in this temperature range will experience excitation of vibra-
tional modes, which affects the ratio of speci� c heats and, thus,
the � ow property calculations. Therefore, the pro� le differences
can be explained by the equilibrium calculations taking vibrational
excitation into account, whereas the Rayleigh � ow calculations
do not.

The authors also assessed mass, momentum, and energy con-
servation between the engine duct inlet and expansion outlet. As
expected, the error between the computed input and output values
decreases as the number of calculation nodes (or differential vol-
umes) increases.The number of nodesused for the � nal simulations
was selected to maintain the total change in conserved properties
at less than 1%. The difference between total heat input calculated
from the gasdynamic property changes and the beam model was
also maintained at less than 1%.

Sample Results
An SHX engine simulation was performed to illustrate typical

model predictions. The simulation assumed a � ight speed of Mach
5.0 at an altitudeof 65,750ft (20,040m). The air� ow passed through
a bow shock generated by a wedge-shaped forebody with a 25-deg
half-angle. The � ow was then turned back 25 deg through an inlet
shock so that it was parallel to the engine duct. Consistent with the
station nomenclature shown in Fig. 1, the combustor length was
lc D 40:0 ft (12.2 m). The combustor inlet height and width were
3 and 12 ft (0.91 and 3.66 m), respectively. To alleviate thermal

choking, the combustor duct expanded with an area ratio of
A4=A3 D 3. The combustor � ow exits to isentropic expansion sur-
face with a length of le D 50 ft (15.2 m). The expansion had an area
ratio of A10=A4 D 4. The cross-sectionalarea pro� les varied linearly
with axial distance along the duct.

A hydrogen–� uorine (HF) laser located at the combustor exit
was used to heat the air� ow. The beam intensity of the laser at
the combustor inlet was 4000 MW. As described in Ref. 1, an HF
absorption coef� cient was derived as a function of density ®.½/
from the radiatively driven wind-tunnel data presented in Ref. 7.

The calculated axial property pro� les and computed energy ab-
sorption for this SHX engine simulation are shown in Fig. 2. Both
frozen and equilibrium� ow calculationsare shown. The “knuckle”
evident at 70 ft (21.3 m) for all of the properties in Fig. 2 is at the
interface between the combustor and expansion sections. The HF
laser beam is � red at this interface toward the front of the combus-
tor duct.No heatingoccurs in the expansion section.The increasing
area and low energy absorptioncause the � ow initially to accelerate
in the combustor. The increased energy absorption near the com-
bustor exit then drives the � ow toward a thermal choke (M D 1). At
this point, the heat input goes to zero, and the slope of the area pro-
� le changes. The Mach number increases rapidly in the expansion
section, where there is no energy input.

The equilibrium and frozen property pro� les are similar. The
most evidentdeviationis in the temperaturepro� le. This is expected
because the vibrational mode excitation will manifest itself as a
reduction in the temperature. The energy required to excite this
mode reduces the energy available to transform to kinetic energy.
This explains why the equilibrium Mach number pro� le is slightly
lower than that of the frozen � ow.

Conclusions
Assessingtheperformanceof futureadvancedpropulsionsystems

such as the SHX engine requiresmodeling the complex interactions
between the laser beams and the working air. The iterative method
presentedin thisNote reasonablypredictstheheatingof a supersonic
air� ow by an HF laser beam. The quasi-one-dimensional model is
modular, so that other types of energy beams (laser or microwave)
can be simulated. The model can be used for parametric studies to
tailor the heating and area change pro� les to optimize SHX engine
performance.

Acknowledgments
This study was funded in part through a NASA Marshall Space

Flight Center Phase I Small Business Innovative Research contract
awarded to InternationalSpace Systems, Inc.

References
1Adams, R. A., and Landrum, D. B., “Preliminary Analysis of a Fusion–

Electric Airbreathing Earth to Orbit Launch Vehicle,” AIAA Paper 2000-
3366, July 2000.

2Anderson, J. D., Jr., Modern Compressible Flow, with Historical Per-
spective, 2nd ed., McGraw–Hill, New York, 1990, pp. 32–52.

3Shapiro, A. H., The Dynamics and Thermodynamics of Compressible
Fluid Flow, Vol. 1, Wiley, New York, 1953, pp. 219–262.

4Anderson, J. D., Jr., Hypersonic and High Temperature Gas Dynamics,
reprint, AIAA, New York, 2000, pp. 457–465.

5Tannehill, J. C., and Mugge, P. H., “Improved CurveFits for the Thermo-
dynamic Properties of EquilibriumAir Suitable for Numerical Computation
Using Time-Dependent orShockCapturingMethods,”NASA CR 2470,Oct.
1974.

6Merkle, C. L., “Laser Radiation to SupplyEnergy forPropulsion,”Orbit-
Raising and Maneuvering Propulsion: Research Status and Needs, edited
by L. H. Caveny, Vol. 89, Progress in Astronautics and Aeronautics, AIAA,
New York, 1984, pp. 48–72 .

7Brown, G. L., Ratta, A. P., Anderson, R. W., Martinelli, L., Lempert,
W. R., and Miles, R. B., “Fluid Mechanics in a Radiatively Driven Hyper-
sonic Wind Tunnel: Prediction and Preliminary Experiment,” AIAA Paper
96-2199, June 1996.


