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Rocket-Based Combined-Cycle Engine Integration
on an Osculating Cone Waverider Vehicle

Timothy F. O’Brien¤ and Mark J. Lewis†

University of Maryland, College Park, Maryland 20742

An aerodynamicmodel for a rocket-basedcombined-cycleengine-airframeintegrated vehicle using anosculating
cone waverider forebody is presented. Emphasis is placed on the hypersonic portionof the vehicle trajectory, where
scramjet operation occurs. An analyticalmodel for the compression � ow� eld in the engine is developed, validated,
and incorporated into a � nite-rate chemistry engine model for hydrogenand air. Issues of off-design Mach number,
angle of attack, and performance through a trajectory are addressed for a nonoptimalexample vehicle. The results
show that the aerodynamic performance of this class of engine-airframe integrated vehicle can be rapidly solved
and incorporated into a vehicle design and trajectory code.

Nomenclature
A = combustor cross-sectionalarea, m2

a–d; f = curve-� t constants
C f = coef� cient of friction
cp = speci� c heat at constant pressure, J/(kg-K)
Ocp = modi� ed speci� c heat at constant pressure

for thermally perfect gas, J/(kg-K)
D = drag, N
D = hydraulic diameter, m
g = gravitational acceleration,m/s2

H = altitude, m
h = enthalpy per unit mass, J/kg
Isp = speci� c impulse, s
L = lift, N
Lmix = fuel mixing length, m
M = Mach number
MW = molecular weight, kg/kmol
MW = mixture molecular weight, kg/kmol
m = mass, kg
Pm = mass � ow rate, kg/s
Pr = Prandtl number
Pw = wetted perimeter, m
p = pressure, N/m2

Re = radius of the Earth, m
r = range in x direction, m
T = temperature,K
Th = thrust, N
U = velocity, m/s
x = axial distance, m
Nx = nondimensionalizedmixing distance
Y = mass fraction
° = ratio of speci� c heats
° f = � ight-path angle
" = ratio of velocity of gas injection in the x direction

over the velocity of the � ow� eld
½ = density, kg/m3

Á = equivalence ratio
P! = molar production rate, kmol/(s-m3 )
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Subscripts

added = species added for mass/fuel injection
aw = adiabatic wall conditions
eff = effective
f = total fuel available
i = i th species
mix = mixing
o = total conditions
r = available for reaction
w = wall conditions

Introduction

E XTENSIVE research has been conducted in the past several
years on integrating high-speed engines with various hyper-

sonic vehicle con� gurations. Tarpley1 incorporated an oblique det-
onation wave engine into a caret-wing waverider vehicle, where
emphasis was placed on vehicle design that included vehicle trim.
O’Neill2 integrated a scramjet engine with a conical waverider ge-
ometry, and Takashima3 integrated an osculating cone waverider
geometry with a scramjet con� guration. Both of these studies in-
corporatedvehicle optimization to maximize such aspects as range,
net thrust, etc. Recently, Starkey and Lewis4 incorporateda wedge-
derivedwaveriderwith a scramjet in the designof a box-constrained
hypersonic missile.

A primary shortcoming of the engine con� gurations previously
examined is that they are unable to generate static thrust (thrust at
zero velocity) and have poor performance at low Mach numbers.
Hence, some other engine system (turbofan, rocket, etc.) must be
integrated into the vehicle design in order for the system to reach
the high speed for which it was designed.The inclusionof any low-
speed propulsion system into the vehicle design inevitably leads to
increased propulsion system weight and possibly increased unused
weight at high speeds.

One enginedesignthat showspromiseforoperationacrossthe full
Mach-number range experienced from takeoff to hypersoniccruise
or access to space is the rocket-basedcombined-cycle (RBCC) en-
gine. This engine cycle allows for static thrust on takeoff and sub-
sonic speeds using ducted rockets. The con� guration transitions to
a ramjet engine at higher velocity to take advantageof the high total
pressureof the incoming� ow. As the Mach numberof the vehiclein-
creases, the static temperaturebehinda normal shockwave becomes
too high for the combustor wall materials, necessitating supersonic
combustion in the combustor, and the engine transitions to scram-
jet operation. The engine transitions to pure rocket mode when the
air breathing combustor no longer provides suf� cient thrust. The
RBCC engine model incorporated in the present vehicle design is
modeled loosely on the strutjet engine designed by Aerojet.5

1117



1118 O’BRIEN AND LEWIS

The RBCC engine allows for the design of a vehicle with the
potentialto travelacrossthe full rangeofMach number, from takeoff
to orbital velocities. In this study, the engine-airframe integration
of a hydrogen-fueled RBCC engine is presented, where emphasis
is placed on the hypersonic region of � ight. Vehicle and engine
modeling for both on- and off-design Mach number and angle of
attackare discussed.A nonoptimalexample vehicle is � own along a
trajectoryto demonstrate the performancepredictioncharacteristics
of the models.

The overall goal of this study is the developmentof a full vehicle
model that rapidlypredictsthe aerodynamicson the vehicle fuselage
and inside the combustor.Rapidpredictabilityallowsfor full vehicle
optimization that could include trajectory analysis through the full
Mach-number range. This capability allows for quick, � rst-order
analysis of vehicle geometries, which can reduce time and cost of
initial design studies.

Waverider Vehicle Design
The vehiclegeometry currentlyunder investigationis based upon

a hypersonic waverider forebody. The waverider concept was ini-
tially proposed by Nonweiler6 as an example of a high-speed reen-
try geometry that would have high lift coef� cient. In principle, a
waverider can be de� ned as any shape that has inviscid bow shock-
wave attachment at its sharp leading edges. As a result of shock-
wave attachment, the high-pressure � ow� eld generated from the
waverider compressionsurface is containedunderneath the vehicle.
Pressure containmentminimizes losses caused by pressure spillage
and gives waverider shapes high lift-to-drag ratio L=D at high lift
coef� cient.

The entire � ow� eld between the waverider compression surface
and the bow shock is known as a result of the inverse nature of
the current waverider design. Knowledge of the compression � ow-
� eld of these geometries makes them very useful in the design of
engine-airframe integrated vehicles, where accurate de� nition of
engine inlet conditions is imperative. The � exibility of geometry
de� nition allows for rapid vehicle design and optimization.Further,
the choice of generating � ow� eld (wedge, cone, power law,7 etc.)
offers � exibility in the vehicle design.

The waverider generation method selected for this study is the
osculating cone method, proposed by Sobieczky et al.8 The pre-
dicted aerodynamics of the shapes generated by this method have
been shown to be accurate in computationalstudies.9 The method is
� exible enough that in addition to its unique set of shapes, given the
proper values, it can generate wedge and conical waveriders. This
abilityis quiteuseful;theosculatingconemethodcan takeadvantage
of both the � ow uniformity aspects of wedge-derived waveriders,
as well as the usable volume qualities of conically derivedwaverid-
ers. Providing such a wide variety of vehicle possibilities allows
for a diverse optimization of the design space for various objective
functions.

The vehiclecon� gurationused in this study is largelybasedon the
scramjet-powered vehicle designs proposed and numerically vali-
datedby Takashima,3 a representativeexample of which is shown in
Fig. 1 for a design Mach number of 10. The proposedvehicle design

Fig. 1 Two view of example vehicle geometry (M = 10).

features an osculating cone waverider forebody blended into an aft
section that ends with base closure at the trailing edge. The fore-
body has a planar portion at the centerline that generates a uniform
wedge � ow� eld, which traverses a series of three wedge compres-
sion ramps of equal compression angle before entering the com-
bustor. The � ow� eld on both the upper and lower surface aft of the
forebody is predicted using shock-expansion theory. The � ow� eld
on the nozzle portion following the combustor is computed using
the methodof characteristics10 assumingtwo-dimensional� ow with
no chemical reactions.The top surface of the waverider forebody is
assumed to be alignedparallelwith the freestream,while the section
aft of the forebodyis allowed to vary,providinga slightexpansionon
the upper surface, giving additional lift to the vehicle.All boundary
layers on the vehicle are assumed to be turbulent as a conservative
estimate for the viscous drag. Vehicle mass is calculatedby assum-
ing a fuel volume fraction of 55% and assuming an average vehicle
density of 136.51 kg/m3 for the remaining 45% (Ref. 2).

RBCC Engine Model
The RBCC engine model in this study is loosely based on pub-

lished descriptions of Aerojet’s strutjet engine concept.5 The cen-
terline and top view of the engine � owpath in scramjet mode are
shown in Fig. 2. The engine is composed of a set of strut injectors
at the inlet of the engine, followed by a constant-area combustor
section within the struts and ending with a constantangle expansion
section. The injectors act as fuel-rich rockets at subsonic speeds to
entrain incoming air from the inlet, thus raising the engine’s spe-
ci� c impulse Isp compared to rocket-only operation. At transonic-
supersonic speeds the struts act as isolators slowing the supersonic
incoming air to subsonic speeds. In this speed regime the engine
transitionsfrom a fuel-rich rocket to a ramjet con� guration.At high
supersonic through hypersonic speeds, the struts act as normal fuel
injectors, as well as isolators. The incoming � ow is divided into
smaller cross sections, so that mixing of the fuel and the air is more
ef� cient. Splitting the incoming � ow also has the effect of reducing
the length of the isolator section.11

Examining the side view of the combustor � owpath in Fig. 2, the
forebody shock and the inlet ramp shocks all meet at the engine
cowl at on-design conditions. The re� ected shock off the engine
cowl is canceled out on the upper wall of the engine. The RBCC
struts are located immediately behind the shock cancellationregion
and are containedentirelywithin the combustor(problemswith inlet
startingat lower speedsare not currentlyconsidered). Following the
struts, a constant angle expansion section leads to the internal and
external nozzle sections.

The analytical strut inlet model consists of a calculation of the
interaction between two struts. The side walls of the combustor

Fig. 2 RBCC engine geometry in scramjet mode, side and top view
(not to scale).
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Fig. 3 Analytical solution to strut/strut interaction (M = 3).

are assumed to be half an injector each to simplify calculations.
The � ow� eld is also assumed to be fully two-dimensional (no � ow
spillage) and inviscid, thus shock-wave/boundary-layerinteractions
(which can be quite signi� cant) are neglected.

The analytical solution to the strut/strut interaction is shown in
Fig. 3. The solution is calculated for an incoming Mach number
of three. Shock properties are calculated using the oblique shock
relations. The continuous expansion fans are modeled as three dis-
continuousexpansionwaves, where propertiesacross each wave are
calculatedusing the Prandtl–Meyer relation. Two types of wave in-
teraction are identi� ed: interactionof waves of opposite family and
interaction of waves of the same family. Opposite family interac-
tions involve waves that have angles of incidence that are opposite
in sign. Same family interactions involve waves that have angles
of incidence that are the same in sign. Three wave interactions are
calculated for each family: shock/shock, shock/expansion, and ex-
pansion/expansion.For each interaction the � ow behind each wave
following the interactionis iterated to � nd the properties that lead to
the same pressure and � ow direction. For shock/shock interactions
of the same family, the resulting � ow� eld usually yields a shock
and an expansionfan. In this case one of the shocks are converted to
a single discontinuous expansion wave, and the wave continues to
move through the combustor interacting as an expansion wave. In
this fashion the � ow� eld wave structure throughout the entire strut
cross section can be found.

The analytical model was validated by computationally solving
the two-dimensional� ow� eld using the GeneralAerodynamicSim-
ulation Program (GASP) v3.0 (Ref. 12). GASP solves the integral
form of the unsteady Reynolds-averaged Navier–Stokes (RANS)
equations in three dimensions subject to boundary and initial con-
ditions. The inviscid, steady � ow� eld is calculated from the Euler
equations(a subset of RANS) with no chemical reactionsand space
marching in the axial direction.

The analytical solution for the strut compression � ow� eld is su-
perimposed upon a computational solution for pressure at an in-
coming Mach number of 3 in Fig. 4. Only the shocks emanating
from the beginning of the struts are tracked through the length of
the compression region. It is seen that the analytical prediction for
the shock lags a little behind the computational solution in Fig. 4.
This mismatch in solution is caused by the limited discretizationof
the expansion fans and is seen to be the initial point of error in the
shock location between the two solutions.

A comparison of the computational results for area averaged exit
pressure are compared to the analytical model for the strut-strut
interaction in Fig. 5. The same geometry is solved for an incom-
ing pressure of 1 atm and a wide range of inlet Mach numbers.
Also plotted in Fig. 5 is the predictionusing quasi-one-dimensional

Fig. 4 Analytical solution to strut/strut interaction superimposed
upon pressure contours of computational � uid dynamics solution
(M = 3).

Fig. 5 Area averaged exit pressure vs Mach number for strut/strut
interaction.

� ow analysis.The analyticalmodel correctly predicted the pressure
vs Mach number trend found from the computational solution, but
slightly overpredicts the pressure for all Mach numbers. The maxi-
mum error in pressureoverpredictionwas found to be approximately
3%. This error can be attributed to the limited number of discontin-
uous waves discretizing the continuousexpansion fan. The error in
pressure was deemed acceptable considering the additionalcompu-
tational costs involved in further discretizingthe expansionfan, and
errors inherent to the model for neglecting shock-wave/boundary-
layer interactions.

The � ow� eld through the combustor and expansion region is
modeled with the following assumptions: steady-state conditions,
quasi-one-dimensional � ow, normal fuel injectionof hydrogen,and
a thermally perfect gas. The incoming � ow to the engine is as-
sumed to be the area-averagedquantities solved from the analytical
model for the strut/strut interaction (Fig. 3). The � ow� eld model is
expressed by the following governing equations (based on deriva-
tions by Shapiro13 and Turns14 ) developedand validatedby O’Brien
et al.15:
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Equations(1–6) are the differentialforms of continuity,momentum,
species conservation, mixture molecular weight, equation of state,
and energy, respectively.The engine model requires a user-de� ned
area pro� le dA=dx , mass addition pro� le d Pm=dx , fuel availability
for reactionpro� le (assumed to be the same as d Pm=dx in this study),
and viscous model.

The area pro� le assumes a constant area between the struts, fol-
lowed by a � nite expansion from the base of the strut, followed by
a constant angle expansion until the nozzle has been reached. The
base pressureon the strut is assumed to be an averageof the pressure
before and after the expansion.The normal injectionhydrogenmass
mixing pro� le (discussed in detail in Ref. 15) is given as

d Pm
dx

D
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µ
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where the mass � ow rate available for reaction is

Pmr D Pm f
a Nxb exp.c Nx/

d Nx C f
(8)
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x

Lmix

(9)

Fuel injection is assumed to begin at the end of the expansion por-
tion of the strut/strut � ow� eld (see Fig. 2). The mixing length is
set to the length of the constant-area portion between the struts
(2.6m), themixingef� ciency is assumed to be95%,and the curve-� t
constants15 are a D 1:1703, b D 0:62925, c D 0:42632, d D 1:4615,
and f D 0:32655. The friction coef� cient C f is calculated using
Eckert’s turbulent reference temperature method,16 where the vis-
cosity is calculated using Sutherland’s law. The hydraulic diameter
is de� ned as

D ´ 4A=Pw (10)

The adiabatic wall temperature is calculated by

Taw D T
©
1 C Pr

1
3 [.° ¡ 1/=2]M2

ª
(11)

where the Prandtl number is assumed to have a constant value of
0:71.

Equations (1–6) are a stiff set of ordinary differential equations
(ODEs) because of the chemical production terms from combus-
tion. Solution of these equations requires a stiff ODE solver, which
can account for the differing timescales. A detailed discussion of
the solution of these equations is provided in Ref. 15. The solver
used in this study was VODPK.17 VODPK integrates the set of stiff
ODEs usinga backward differentiationformula.Chemical informa-
tion such as molecular weight, speci� c heat, and reaction rates is
provided by CHEMKIN-II.18

Fig. 6 Mach number and pressure distribution in example RBCC
engine.

The ambient air composition is 78% nitrogen, 21% oxygen, and
1% argon by volume, and is assumed to remain constant through
all � ow� eld compression prior to the combustor. The hydrogen/
air reaction mechanism used in this study was proposed by
Jachimowski.19 Jachimowski’s mechanism contains 14 species and
33 reactions and includes nitrogen chemistry.

An example combustor � ow� eld pressureand Mach-numberdis-
tribution is shown in Fig. 6. The incoming combustor conditions
are assumed to be p D 0:3 atm, T D 980 K, M D 5:73, ° D 1:34,
Pm D 722 kg/s, Á D 1, Tw D 1200 K (assumed), combustor expan-
sion length of 3.17 m, and a combustor expansion angle of 8.9 deg.
Details of the engine � ow� eld are discussed in Ref. 15. In Fig. 6 the
Mach number is seen to decrease at the beginning of the combus-
tor because of mass addition. At an axial distance of about 0.25 m,
fuel ignition occurs, resulting in a rapid decrease in Mach number.
Following fuel ignition, the Mach number is seen to continuallyde-
crease because of combustion and viscous effects, until the end of
the struts are reached.The � ow then rapidly expandsbecause of the
base of the struts and then continues to expand through the constant
angle expansion, resulting in an increase in Mach number.

Off-Design Conditions and Trajectory Performance
An important aspect of the performance of the vehicle is its off-

design aerodynamics for both angle of attack and Mach number.
The hypersonic, off-design aerodynamic performance for the wa-
verider forebody is calculated using a quadratic interpolation be-
tween tangent-wedgeand tangent-conetheoryproposedby Bowcutt
and reported by Grantz.20 This method is modi� ed for the present
study by using the exact solution for tangent wedge and tangent
cone instead of the approximate relations given in Ref. 20. Solu-
tions based on this method were numerically validated for both
angle of attack and Mach number by Takashima.3 Calculation of
the � ow� eld over the remaining vehicle is then performedusing the
same methodsalreadydiscussed,with the exceptionof the forebody
upper surface and the engine cowl. The upper surface of the fore-
body is assumed to be wedge � ow for negative angles of attack and
Prandtl–Meyer � ow for positive angles of attack.

The location of shock waves generated by the forebody and the
inlet ramps will shift for off-designangle of attack and Mach num-
ber. If not properly accounted for, the shifted shock waves could
enter into the engine, causing severe shock wave boundary-layer
interactions, localized heating, and boundary-layer separation. To
avoid this, a constraint is imposed upon the design such that the
engine cowl is always positioned to prevent any shocks from being
swallowed into the engine. The engine cowl is allowed to translate
axially to move the engine cowl shock such that it cancels on the
upper surface of the engine. If an inlet interaction occurs such that
an expansion off of the last shock interaction will enter the engine,
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Fig. 7 Inlet lip geometry.

a “lip” is added to the inlet to prevent any nonuniformities from
entering the engine (see Fig. 7). Any vehicle that violates the shock
swallowing constraint is not considered.It is acknowledgedthat the
inlet lip concept can, in reality, be mechanically infeasible or have
a large weight. However, compared to other methods of regulating
the inlet � ow� eld (i.e., moving inlet ramps, etc.) this method was
deemed acceptable for the current study.

Knowledge of � ow� eld properties over the entire vehicle for a
rangeof Mach numbersand anglesof attack allows for performance
calculations of the vehicle as a whole along a � ight trajectory. The
trajectory model for a nonrotatingspherical Earth with the range in
the axial (x ) direction as the dependent variable21 is
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The performanceis calculatedby assuming a known trajectorypro-
� le (H vs r ) and then integrating the preceding equations to solve
for the change in the � ight-path angle, the change in the velocity,
and the change in mass of the vehicle.

Results
The preceding models for the vehicle and engine are demon-

strated by application to a Mach 12 vehicle shown in Fig. 8. The
geometry is selected as an example to demonstrate the capabilities
of the model to predictperformanceand does not imply an optimum
solution.The example also does not include moment trim; thus, the
effects of control surfaces on the performance of the vehicle are
not accounted. The geometric properties for the example vehicle
are shown in Table 1. All performance numbers assume a constant
value for the equivalence ratio.

The L=D and effective speci� c impulse Ispeff are plotted as func-
tions of Mach number and angle of attack in Figs. 9 and 10, re-
spectively.The Mach 8 solution has a lower angle-of-attacklimit to
ensure compressionon the lower surface of the forebody.The Mach
10 and 12 solutionshave a lower angle-of-attacklimit to ensure that
no shocks are swallowed into the engine.

One noticeable trait of these vehicles is the difference in the
derivative of lift-to-drag ratio with respect to angle of attack. The
vehicle has a much steeper slope in lift-to-drag ratio at negative an-
gles of attack than for positive angles of attack. This trend is caused
by shock compression on the upper surface for negative angles of
attack, thus lowering the overall lift of the vehicle and L=D. For
positive angles of attack, pressure drag on the lower surface is the
prime contributor to lowering the L=D.

Figure 10 shows that, for a limited range of angle of attack, the
vehiclehaspositivenet thrust (i.e., positive Ispeff

) for a rangeofMach

Table 1 Mach 12 example vehicle properties

Property Value

Length, m 76.8
Width, m 20.5
Height, m 5.2
Volume, m3 2392
Planform area, m2 429.2
Max cross-sectional area, m2 71.6
Inlet ramp angles, deg 1.07
Shock angle, deg 9.26
Equivalence ratio 1

Fig. 8 Three view of Mach 12 example vehicle.

Fig. 9 L/D vs angle of attack for example Mach 12 vehicle (Á = 1).

Fig. 10 Ispeff vs angle of attack for example Mach 12 vehicle (Á = 1).
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number between 8 and 12. High Ispeff at negative angle of attack is
primarily caused by the lift vector being shifted in the direction of
thrust.This effect has its limits becausethe increasedpressureon the
upper surface as a result of shock compression increases the overall
drag of the vehicle. Also, as angle of attack gets more negative less
compressionoccursprior to enteringtheengine,and lessmass iscap-
tured by the engine inlet, resulting in a lower thrust from the engine.

The example vehicle was � own through a nonoptimal, quadratic
trajectory as shown in Fig. 11. Starting conditions for the vehicle
were an altitude of 30.7 km, a Mach number of 8, and a constant
equivalence ratio of 1. Two cases were run for the given trajectory,
corresponding to a vehicle with 40% of its fuel remaining at the
beginning of the trajectory and one with 50% of its fuel remaining.
The resultingvelocitypro� le for each case is also plotted in Fig. 11.
The difference in starting mass resulted in a 1% increase in velocity
over thegiven trajectory.For both cases shown the vehiclecontinued
to accelerate through the entire given trajectory.

The Mach-number pro� le for the example vehicle is shown in
Fig. 12. The 40% fuel remaining case resulted in a � nal Mach num-
ber of 9.75 while the 50% case resulted in a � nal Mach number of
9.65. The angle-of-attack pro� le is also presented in Fig. 12. For
both cases a maximum in angle of attack was found at a range lo-
cation near 1550 km. The deviation in angle of attack across the
trajectory was seen to be quite small (»0:3 deg). This region of
angle of attack is seen to be close to the maximum Ispeff for Mach

Fig. 11 Trajectory and velocity pro� le of example vehicle as a function
of range and percent fuel remaining.

Fig. 12 Mach number and angle-of-attack pro� le of example vehicle
as function of range and percent fuel remaining.

numbers between 8 and 10 (see Fig. 10) and to have a relativelycon-
stant value of L=D between 3.5 and 4 (see Fig. 9). The fuel mass
consumed for the 40% case was 14,273 kg of H2 compared with
14,552 kg of H2 for the 50% case for the same trajectory. Because
the 40% case had less fuel, it had to do less work to get to the same
altitude as the 50% case, hence having lower fuel consumption.For
both cases that the vehicle and trajectory are nonoptimal.

Conclusions
An aerodynamic model for an RBCC engine-airframe integrated

vehicle has been presented. The RBCC model includes the two-
dimensional inviscid compression � ow� eld between struts, as well
as � nite-rate hydrogen/air chemistry in the combustor section. Off-
design performance including Mach number and angle of attack is
consideredand incorporatedinto the model. A nonoptimalexample
Mach 12 vehicle was presented and � own through a given trajec-
tory to calculate its performance for two cases (40 and 50% fuel
remaining at altitude).

The methodology presented herein is particularly useful for ini-
tial design studies, trajectory analyses, and/or optimizations.These
applicationsare dependenton the time needed to calculate the aero-
dynamic forceson the vehicle geometry.The resultinganalyseswill
bene� t if the forces on the vehicle can be calculated both quickly
and accurately. The vehicle and engine methods provided herein
give detailed aerodynamicsboth on the vehicle fuselage and within
the engine (including thermochemistryconsiderations) and do so in
less than a CPU second on a typical sun workstation.

Improvements to the vehicle model would include control sur-
faces to trim out the vehicleand to incorporatecontrol surface losses
to the vehicle lift and drag calculations.Another addition to the ve-
hicle model will be a compression surface on the top surface of
the waverider forebody to increase volume. The next step in the
vehicle model development is aerodynamic prediction of the � ow-
� eld on the fuselage and in the combustor for � ight speeds far from
design. Subsonic, transonic, and low supersonic � ight Mach num-
bers will play a key role in the overall design of an engine-airframe
integrated vehicle designed for a takeoff to orbit mission. Predict-
ing these � ow� elds rapidly and reliably is vital for a full trajectory
analysis of vehicle � ight performance.

Additions to the engine model will include an improved mixing
model over the curve� t currently presented. Also, the additional
modes of ramjet and rocket will be added into the engine-airframe
integration. Finally, the current model allows for the use of other
fuel types in the vehicle design, so long as a reaction mechanism
is provided. Future work could include hydrocarbon fuels and their
effects on the vehicle design.
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