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Improved Airbreathing Launch Vehicle Performance
with the Use of Rocket Propulsion

H. G. Kauffman,* R. V. Grandhi,¥ W. L. Hankey,} and P. J. Belcher§
Wright State University, Dayton, Ohio 45435

An efficient performance analysis method is developed to evaluate potential airbreathing/rocket propulsion
systems for advanced technology single-stage-to-orbit launch vehicles. Evaluated are tradeoffs between air-
breathing, rocket, and concurrent airbreathing/rocket propulsion in maximizing payload delivery to orbit for a
given ascent flight trajectory. With the analysis method, several modes of airbreathing/rocket propulsion are
compared to a baseline ‘‘airbreather alone’’ propulsion system in terms of fuel/propellant required to attain
orbital velocity. Concurrent airbreathing/rocket propulsion shows a reduction in fuel/propellant consumption
over straight airbreather to rocket propulsion transition. The optimal switch point (staging) is identified for the

transition from airbreathing to rocket propulsion.

Nomenclature

C, = engine throttle ratio

C = coefficient of lift

D = drag force, N

FAgrorc = stoichiometric fuel-air ratio

fs = Pg/W, fuel specific energy, m/kg

Ge = controller transfer function

Gy = vehicle transfer function

g = gravity constant, 9.807 m/s?

h = height above sea level, m

Ispa = airbreather specific impulse, s

Ispr = rocket specific impulse, s

K = gain in guidance law

L = lift force, N

m = vehicle mass, kg

Py = specific excess power, m/s

q = dynamic pressure, kPa

R = radius from Earth’s center, m

Rg = Earth radius, 6,356,766 m

S = vehicle reference area, m?

s = distance down range from launch point, m
T = thrust, N

Vv = flight velocity, m/s

w = vehicle payload, kg

w = airbreather/rocket fuel combined flow rate, kg/s
Wan = airbreather air flow rate, kg/s
"W,r = airbreather fuel flow rate, kg/s

Wip = rocket propellant flow rate, kg/s

a = angle of attack, radians .
B = factor in exponential altitude density relation
v = flight-path angle, rad

A = denotes an increment

T = time constant in guidance law, s

o) = fuel-to-air equivalence ratio

0 = atmospheric density, kg/m?
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Introduction

HE idea of a single-stage-to-orbit vehicle has long been

considered by the aerospace community. Studies of air-
breathing propulsion in combination with some form of rocket
propulsion have appeared in several research papers. Air-
breathing propulsion for the atmospheric ascent portion of an
Earth-to-orbit trajectory was first proposed by Goddard! in
1932. The rationale for such a proposal comes from the fact
that airbreathing engines provide about 8-20 times higher ef-
fective specific impulse values than pure rockets at altitudes
below 30,000 m. Present-day (multiple-stage) rocket launch
vehicles consume nearly 80% of their available propellant
mass during climb and acceleration through the atmosphere to
an altitude of about 58,000 m and 2300 m/s velocity. For some
specific vehicle types, a large proportion of this rocket pro-
pellant mass can be saved by using a more efficient airbreath-
ing propulsion system until such an altitude is achieved that the
rocket begins to attain the greater efficiency. Kramer and
Buhler? evaluated this problem for a 1Y-stage vertical take-
off/landing vehicle and found that airbreathing propulsion is
a feasible approach. The concept of a single-stage-to-orbit
vehicle using two fuels and rocket propulsion was first pro-
posed by Salkeld® by operating separate engines in series. Later
the dual-fuel engine concept was introduced to reduce the mass
of the hydrogen engines.*> The parallel burn of hydrogen and
hydrocarbon engines has been proposed as an alternative to
achieve good performance without requiring a dual-fuel en-
gine.%® Integral rocket/ramjet propulsion has been evaluated,
as the theoretical performance of the ramjet propulsion system
is much better than either solid- or liquid-fueled rocket motors
acting alone.®!! Optimizing the performance of both air-
breather and combination airbreather/rocket systems for vehi-
cle delivery to low Earth orbit has been examined with some
systems showing considerable promise.!>-'5 Optimizing flight-
path trajectories, reducing vehicle size, minimizing fuel ex-
pended, etc., all have an effect on the vehicle operating costs,
payload delivery to orbit, and mission flexibility.

This paper considers optimizing airbreathing/rocket pro-
pulsion for a generic single-stage-to-orbit horizontal takeoff/
landing hypersonic vehicle. The primary parameter to be eval-
vated is when the transition from airbreathing to rocket
propulsion should take place. Additionally, the form of transi-
tion must be considered, that is, whether switching from air-
breather to rocket is most efficient or whether the airbreather
engine should be utilized as long as possible by burning the
airbreather/rocket engines concurrently.

To screen different conceptual aerospace propulsion sys-
tems, the total vehicle system performance must be evaluated.
This analysis combines the flight mechanics and aerodynamic
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characteristics with the propulsion features. A numerical simu-
lation must be accomplished and an optimization performed
to achieve a favorable design evaluation. The optimization is
performed on a personal computer, using a two-degree-of-
freedom trajectory simulation, suitable for rapid design trade-
off studies. The methodology integrates the equations of mo-
tion and tracks velocity, altitude, range, flight-path angle, and
vehicle mass. A robust guidance system has been developed to
control the “‘stick and throttle’’ settings to achieve an opti-
mum flight path for maximum payload delivery into orbit.
Once an optimum flight path is chosen (e.g., via the ‘“Energy
Method’’; see Venugopal'® et al.), it is then necessary to eval-
uate the form of propulsion-or combination that will achieve
the greatest payload delivery to low Earth orbit.

By choosing a single-stage-to-orbit vehicle to study for this

problem, both engine and structure weights will be increased

over those required for a vehicle utilizing only one form of
propulsion. For this investigation, only the vehicle perfor-
mance has been optimized. In a total design optimization, the
weight component study must be incorporated. In spite of this
constraint, significant increases in deliverable payload may be
accomplished with proper use of airbreather/rocket propul-
sion.

Trajectory Analysis
The governing equations for planar motion of a point mass
are given below. All the quantities in the following equations
are given as a function of time:

. ) mv?
mVy =L — mg cosy + T sina + —R— cosy (1)

Fig. 1 Study vehicle.
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Fig.2 Vehicle drag and lift characteristics.
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Fig. 4 Airbreather specific impulse, Ispa.

mV = —D — mg siny + T cosa ¥))

In addition, the navigation equations required to locate the
position of the point mass are

h=Vsiny 3)

5= V cosy —E @)
§=V cos
YRe+h

To control the vehicle, one must command both the “‘stick’’
(pitch attitude) and ““throttle’’ (thrust, T') to achieve a desired
flight path. For the purposes of this investigation, the guidance
law controls the angle of attack o by a second-order rate
controller and controls the thrust by limiting the fuel flow
(War) and equivalence ratio ¢:

Tag = IspaFAstoicdmax WasmaxCs ®)

where
0=Cy=1 6)

The governing equations of motion described above are
first-order nonlinear ordinary differential equations. To solve
these equations, an accurate numerical integration method
compatible with the guidance law and optimization procedure
is necessary.

A second-order Taylor series integration routine with an
adaptive time step provides results comparable to the fourth-
order Runge-Kutta method. In addition, computational effi-
ciency is improved, which is an important factor for rapid
tradeoff performance studies. The Taylor series method re-
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Fig. 6 Airbreather fuel flow, Way.

quires the computation of higher-order derivatives, but these
values are evaluated in an analytical form without the need to
loop forward in time and reiterate values.

Earth-to-Orbit Vehicle Description

The vehicle chosen for evaluation is a generic-design hyper-
sonic aircraft. A general view of the aircraft is shown in Fig.
1. The vehicle’s aerodynamic and propulsion characteristics
are represented graphically in Figs. 2-6. (All vehicle data,
including propulsion and aerodynamic characteristics, were
obtained form the U.S. Air Force. See Ref. 17.) The objective
of this data is to represent values associated with hypersonic
vehicles in order to develop the performance methodology. As
this data does not pertain to an actual aircraft design, no
significance should be given to the specific numerical values.
The computed performance was based on the following vehicle
properties:

Wrakeorr = 45,360 kg
WFUEL = 27,216 kg
S =174 m?
FAgroic = stoichiometric for H,/air = 0.0292
og = zero lift angle of attack = 0 deg
The system being investigated is subject to constraints deter-
mined by the laws of mechanics, aerodynamics, and propul-
sion. In addition, the vehicle must not exceed specific design

constraints imposed by limitations of the structure, materials,
flight control, etc. This set of constraints is entitled inequality
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" constraints and may apply only during portions of the flight.
Constraints are imposed on the following parameters:

Dynamic pressure guvir = (0V?3)/2 = 47.9 kPa

Acceleration V/ig =1.0

0<L/mg<2.0

Control effectiveness & =< 0.05 rad/s

Propulsion cycle T = Tvax

WAFMAX =13.6 kg/s

WRPMAX =454 kg/S

Guidance and Control Analysis

The initial strategy was to determine what variables must be
controlled, with several choices being explored. It was decided
to command altitude as a function of the current velocity since
the investigator will usually have some insight into the (2-V)
flight corridor early in the investigation.

A guidance law must then be developed that will control
the angle of attack « and thrust 7 to follow the desired (2-V)
path. Based upon previous investigations, it was decided to
set the thrust to the maximum value Tyax, or Cy=1 and
¢ = dmax, to maximize the payload into orbit. The optimiza-
tion procedure is developed with Ty ax initially, and then per-
turbed from this value to validate this choice. In any case,
omax(V) will be prescribed. This decision places an extra

"burden on the « controller to follow the desired flight path
when high-thrust-to-weight ratios are present. The control is
accomplished by means of a feedback control loop as shown in
Fig. 7. It was also decided to use a rate controller for « rather
than a displacement controller based on flight experience as
well as computer simulations. (In present day aircraft the pitch
attitude and pitch rate are controlled through angular acceler-
ation about the Y-body axis. Since we are dealing with a
two-degree-of-freedom point mass analysis, the relationship
between & and the vehicle pitch rate is assumed to be unity for
Atime<1 s.)

The transfer function for the vehicle Gy is developed using
linear theory where the trajectory equations are linearized.
(Note: These linear equations will be used only to devise a
guidance law and not to ascertain the integrated vehicle pay-
load.) Variations in AW, W/D, and AD will be neglected for
this formulation.

The transfer function may then be obtained and expressed as

g[i% + L]
Ah (mg) Cpi (mgh

Gy=——= - @)
" sha [ ,. BeLy ZgZ]
s| s+ ——+—
(mgh W
o )
hcom Ah é(com hact
—»(?—» G, H» Gy >

H —

N _
A& = K, (Ah +tAH +%2Ah")

Fig. 7 Vehicle control system.
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Over most of the flight path, this transfer function may be
approximated as

_ qSCLa +T

Gy 5 ®

ms

As stated previously, a second-order rate controller for an-
gle of attack was adopted. It may be expressed as follows:

A
AdcoMMAND = K(Ah +7AR+ E Ah) (9)

where

Ah = hacruar — AcoMMAND 10)

Expressing the controller transfer function by means of
Laplace transforms produces

SAx

Go = —
Y

7252
=K(1+TS+T> (11)
The goal for the controller is to select the values of the gain
K and time constant 7 to accurately follow the commanded
altitude Acommanp Without burning excess fuel. In addition,
the controller must be stable and robust for a variety of flight

conditions. Referring back to the feedback loop, the overall
transfer function may be expressed as follows:

AacTUAL - Ge(s)Gy(s)
hcommano 1 +H(s)Gc(s)Gy(s)

The characteristic equation for the control system determin-
ing the stability features is, therefore,

(12

1+ H(5)Ge(s)Gy(s) =0 (13)
let
H(s)= —1
hence
s3— X (gSCr+ T)<1 +78+ ﬁ) =0 14)
m 2

The gain K was specified as

—4m
K=——77— 15)
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Fig.as Control system root locus.
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An investigation of the weighing factors for the values of
K and 7 was then conducted by examining the root locus for
the characteristic equation. Figure 8 shows that the control
system is stable with all three roots being in the left half-plane.
It also shows that increasing K increases damping, and increas-
ing 7 increases the characteristic frequency. More importantly,
however, Figs. 9 and 10 show that a 7 value between 2 and 9
produces the same relative payload values, and a K value
between 0.5 and 1.6 produces similar results. For the remain-
der of the investigation, a 7 value of 4.33 and K value of unity
(1.0) was utilized. (A time constant of 2.0 and a system gain of
1.4 gave slightly better results for the given case. The increase
in payload-to-orbit for these values is insignificant, being mea-
sured in hundredths of a percent of the final payload-to-orbit.)

From the guidance law, a set. of command equations was
developed to meet the vehicle constraints and to follow an
altitude vs velocity path [i.e., Acovmanp(¥)]. This was accom-
plished by setting thrust to the maximum value (by prescribing
¢ =¢pmax and C,=1) and a second-order rate controller on the
angle of attack:

. . AR
AaCOMMAND =K<Ah +TA}1+ T) (16)
where
Ah = hxcruar — Pcommanp an
hcommanp = Acommano(V) (18)
. ah ,
hcommanp = <—°°W4A—Ii’3> Vv (19)
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Fig. 9 Payload delivered to orbit vs control law time constant.
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e Ph . ah .
B coMMAND = ( COMMAND> i ( COMMAND) Vo)

av? Vv
hacruaL = V siny @1
ﬁACTUAL = Vsin'y + Vy Cosy (22)

Propulsion Systems

The primary objective of this investigation is to maximize
the payload delivery into Earth orbit for a single-stage-to-orbit
vehicle (i.e., minimize fuel/propellant burned). The question
of what rocket size to select may be addressed by using the
optimization procedures described below, and by conducting
payload delivery-to-orbit vs rocket size trade studies.

The most informative method for gaining insight into the
optimum propulsion transition solution is to prepare fuel spe-
cific energy (fs=Ps/W) contours on an A-¥ map for the
airbreather engine and rocket, both alone and together. Spe-
cific excess power Pg may be written as

p _g<,,+12>_@ @3)
57 dr 2g) mg

The specific excess power is equal to the time rate of change of
the specific energy of the vehicle. Plotting the contours of Pg
on an 2-¥ map allows the vehicle’s flight envelope to be deter-
mined for both the airbreathing engine and rocket. These maps

for the airbreathing and rocket engines (Figs. 11 and 12).imme- --

diately identify the superior areas of performance (4 and V)
for each propulsion system. The numerical values on the con-
tours indicates the vehicle’s specific excess power at that point.
This excess power may be traded for gain in altitude or veloc-
ity. The most interesting feature that these two maps depict is
that the airbreather performance degrades near orbital condi-
tions (i.e., ¥ =7860 m/s); however, the rocket improves. By
overlaying the two maps, the regions of superior performance
for each system may easily be identified. As seen in Fig. 13, the
airbreathing engine maintains superior engine performance up
to an altitude of 46,600 m. Above this altitude, the rocket
alone shows superior performance. '

For the case of maximum payload into orbit, the vehicle
should follow the maximum value of fs5 between any two
energy states. For this case, Fig. 13 indicates that the vehicle
should utilize airbreathing propulsion at takeoff, fly to 46,600
m, and then transition to rocket propulsion for ascent to Earth
orbit at 185 km. The question then arises: when precisely,
should the transition in propulsion take place? It is logical that
a single-stage-to-orbit vehicle should utilize its airbreathing
engine as long as is practical. This proposes a second question
as to whether the operation of both systems separately or
simultaneously will produce the goal of maximum payload to
orbit.

Optimum Transition Studies

As stated previously, this evaluation will consider a constant
dynamic pressure path (grpnir=47.9 kPa). The vehicle will
follow an A-V relationship determined by Ad&commanp and
TMAXy where

Tmax = Tasmax + TrockETMAX 24)

Trocker = Ispr Wrp (25)

At high altitudes, for a constant g path, the energy gained by

a vehicle is primarily a function of velocity. To evaluate the

optimum switch point from airbreather to rocket propulsion,

it was decided to relate the fuel/propellant flow rate W to the

rate of change in velocity for the vehicle V. This ratio W/V is
plotted against altitude in Fig. 14.

Figure 14 shows three curves of W/V vs altitude for 1)

- airbreathing propulsion alone, 2) concurrent airbreathing/
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rocket propulsion, and 3) rocket propulsion alone. The area
under each curve represents the fuel burned; thus the minimum
value of W/ V indicates the best case. Many simulations of the
constant dynamic pressure trajectory path to orbital velocity
were run for cases where 1) airbreather and rocket utilized for
entire mission, 2) airbreather only, 3) transition to concurrent
airbreather/rocket, and 4) transition to rocket only. Examin-
ing Fig. 14 for the locus of minimum values of W7V indicates
that the airbreather alone burns less fuel for altitudes below
43,900 m. For a 47.9 kPa dynamic pressure (g) path, as the
vehicle approaches 43,900 m and a velocity of 6520 m/s the
combination of burning both the airbreather and rocket begins
to show the greater efficiency. At this point the rocket is

‘turned on and the vehicle accelerates to orbital velocity (ap-

proximately 7860 m/s at 46,950 m). Once orbital velocity is
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reached, the velocity is held constant as the vehicle continues'
to climb in altitude. Between 43,900 m and 58,850 m, the
transition to concurrent airbreather/rocket propulsion burns
minimum fuel/propellant. As the vehicle begins to approach
58,850 m, the rocket alone begins to show the greater effi-
ciency and the second propulsion transition should occur. If
transition from airbreathing propulsion to rocket were to be
made directly, Fig. 14 indicates that this transition should
occur at 47,060 m and a velocity of 7830 m/s.

To further substantiate this analysis, several cases were run
parametrically using concurrent airbreather/rocket propul-
sion. For these simulations, the mission is defined as being
complete when the vehicle reaches orbital velocity. The final
vehicle payload (vehicle mass and excess fuel) for each simula-
tion was plotted against the vehicle velocity at the time the
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Fig. 15 Optimum rocket turn-on velocity vs final payload at orbital
velocity, 47.9 kPa g path.

rocket is turned on. These values of vehicle payload-vs-rocket'
turn on velocity are plotted in Fig. 15, which confirms that the
minimum fuel/propellant burned to achieve orbit occurs with
a transition to concurrent airbreather/rocket propulsion at
43,900 m, and results in a final vehicle payload of 18,573 kg.

"When the mission was run using airbreathing propulsion

alone, the final vehicle payload was 18,033 kg. (Fuel required
to complete the mission exceeded the fuel available by 111 kg.)

The case where the rocket was burned concurrently with the
airbreather from takeoff was clearly inferior, with a final vehi-
cle payload of 10,251 kg. (Fuel required to complete the mis-
sion exceeded the fuel available by 7895 kg.)

Conclusions

A methodology has been developed to conduct rapid pro-
pulsion trade studies for Earth-to-orbit vehicles. In this paper,
a generic design vehicle has been analyzed to demonstrate the
procedure. However, some generalized results have evolved.
The conclusions from this paper may be summarized, as fol-
lows, for the vehicle analyzed:

1) Airbreathing propulsion is more efficient than rocket
propulsion at lower altitudes.

2) Rocket propulsion may be necessary for orbital maneu-
vering (injection and retrograde) and final climb to the orbital
altitude.

3) Concurrent airbreathing/rocket propulsion maximizes
the use of the airbreather engine for the given vehicle and
shows a reduction in fuel/propellant consumption over
straight airbreather to rocket propulsion transition.

4) Use of a combination airbreather/rocket propulsion sys-
tem is shown to be more efficient than either an airbreather or
a rocket alone for a complete orbital mission.
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