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Suborbital Launch Trajectories for Satellite Delivery
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The utility of suborbital launch trajectories to increase the payload capacity for a hypersonic-lifting-body launch
vehicle was investigated. This type of trajectory involves deployment of a payload and booster motor from the
launch vehicle at suborbital speed. A payload booster motor is required to insert the spacecraft into orbit while the
launch vehicle re-enters and returns to earth. For this study, a simplified analytical technique was developed to esti-
mate the payload capacity (not including booster motor) of various suborbital launch trajectories. Comparison with
a detailed trajectory simulation showed that the simplified technique provided a reasonable estimate of suborbital
trajectory performance. Results indicated that depending on certain vehicle and flight parameters, a hypersonic
lifting body following a suborbital ascent trajectory could increase the payload-to-orbit weight by up to 61%.
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Nomenclature
: universal gravitational constant, 6.67 x 10~n

Nm2/kg2

: sea-level gravitational acceleration, m/s
: altitude from earth surface to point along flight
path, m

: nondimensional altitude, H/Hor^t
: propellant or fuel specific impulse, F/w,s
•• effective airbreathing specific impulse, s
: mass of the earth, 5.975 x 1024 kg
= propellant mass flow rate
= launch-vehicle payload, propellant, and
structure mass, kg

: booster-kickmotor payload and initial weight
for suborbital trajectories, kg

: launch-vehicle initial and final mass (also used
to represent initial and final mass for a given
ascent trajectory segment), kg

= dynamic pressure, Pa
= initial-to-final vehicle mass ratios for trajectory

segments, nio/nif
: initial-to-final mass ratio of segment 3 for

suborbital trajectory
= altitude measured from center of earth to

trajectory location, m
= altitude of circular orbit from center of earth, m
: velocity at different trajectory locations, m/s
: orbital velocity of circular target orbit, m/s
= atmospheric scale height, 6982 m
= gravitational parameter, GM, 3.99 x 1014 N

m2/kg
= orbit specific mechanical energy, m2/s2

= launch vehicle payload, propellant and
structural mass fraction

= air density at point along trajectory, and at sea
level, kg/m3

; trajectory segments
: initial and final conditions for a segment
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Introduction

T HE gravity-gradient launch trajectory has become widely
accepted for space launches using today's multistage rocket

vehicles. This is due primarily to structural and aerodynamic char-
acteristics that are inherent in current multistage designs. A gravity-
gradient trajectory flies at near-0-deg angle of attack during the
launch ascent and thus produces minimum vehicle bending stress.
By not taking advantage of atmospheric lifting forces, the gravity-
gradient trajectory is not an efficient one with regard to energy re-
quirements. Recent approaches for launch vehicle design represent
a tendency towards the use of more efficient and flexible launch
trajectories in the future. Specifically, future launch platforms may
incorporate lifting surfaces and air-breathing propulsion technol-
ogy that will provide improved maneuverability and fuel efficiency.
Given the required technological advancements, a single-stage-to-
orbit (SSTO) vehicle with these features may be practical.

The flight characteristics of a hypersonic-lifting-body vehicle
would allow a variety of different ascent trajectories to be used,
based on the mission and size of payload to be delivered into orbit.
This paper presents the results of an analysis of hypersonic launch
vehicle suborbital trajectories where only the payload is placed in
orbit. Suborbital trajectory results are compared with the payload
delivery capability of a baseline trajectory where both the hyper-
sonic launch vehicle and the payload are placed in orbit.

One of the primary accomplishments of this study was the de-
velopment of a simplified energy analysis method to facilitate the
process required for the analysis of suborbital trajectories. While
use of the energy analysis method required some specific infor-
mation concerning launch-vehicle design and ascent profile, once
this information was obtained, the calculations required for a first-
order design estimate were greatly simplified. The energy analysis
method involved calculation of baseline performance parameters
using a standard ascent trajectory where both the payload and the
launch vehicle were placed in the target orbit. Performance param-
eters were then determined for the same vehicle flying a suborbital
ascent trajectory where the launch vehicle does not achieve orbital
velocity and the payload is placed in orbit by means of an addi-
tional booster rocket motor. Data from this analysis were compared
with similar calculations from a commercially available trajectory
optimization computer program, with good agreement.

Baseline Launch Trajectory
For this study, a typical or baseline launch trajectory is similar to

that presented in a study by Lepsch.1 The trajectory, which is shown
in Fig. 1, was divided into two segments:

1) Initial climb and acceleration. Initially powered by liquid hy-
drogen turbine and ramjet engines, the hypersonic vehicle climbs to
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Fig. 1 Baseline ascent profile.
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Fig. 2 Suborbital ascent profile.

an altitude of approximately 21,340 m and a speed of about Mach 6.
Then, using supersonic combustion ramjet (scramjet) engines, the
vehicle accelerates to a speed of about Mach 20 while gradually
increasing altitude to about 51,800 m (the final speed desired to be
attained at the end of this phase is subject to debate, with values in
current literature ranging from Mach 8 to Mach 22).

2) Orbit insertion. Having accelerated as far as practical using
air-breathing propulsion systems, a transition is made to rocket
propulsion, which provides the additional thrust required to insert
the launch vehicle into a low earth orbit. The velocity at which
transition occurs is called the transition velocity.

Suborbital Launch Trajectory
The suborbital launch trajectory analyzed is depicted in Fig. 2.

This trajectory can be divided into three segments. The first is similar
to that of the baseline trajectory except that the transition velocity
may be reduced from that of a baseline launch. The main difference
from the baseline trajectory is introduced in the second segment,
where rocket propulsion is used to raise the launch vehicle to higher
altitudes without accelerating the vehicle to orbital velocity. For
the third segment, the payload is separated from the launch vehicle
shortly before the flight-path apogee and is inserted into the desired
orbit by a small rocket booster. After payload separation, the launch

platform falls back into the atmosphere and returns to a landing
site. Note that the focus was on the ascent portion of" suborbital
trajectories and no effort was made to analyze the return-to-base
portion of the launch-vehicle flight path.

Computational Methods
A traditional and complete investigation of launch ascent trajec-

tory performance requires the use of complex numerical methods
that incorporate various Earth, aerodynamic, and launch-vehicle
modeling techniques. For this study, a simplified energy analysis
method was developed, which provides a first-order approximation
of suborbital launch trajectory performance. A more detailed anal-
ysis was also performed using a commercially available program
named Optimal Trajectories by Implicit Simulations, or OTIS.2 Re-
sults of the two methods were compared to identify differences
between the analytical techniques.

For this investigation, conditions were imposed for both the en-
ergy analysis and OTIS trajectory optimization methods to assure
that results obtained could be compared on an equal basis: 1) one
launch-vehicle design was used for both the baseline and suborbital
trajectories, and it was assumed that the gross takeoff weight for
the launch vehicle was the same regardless of which trajectory was
to be flown; 2) any propellant saved by flying along a suborbital
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trajectory rather than the baseline trajectory was assumed to be ad-
ditional payload capacity (payload + booster); 3) the payload of
both the baseline and suborbital trajectories was delivered to a cir-
cular orbit 185.2 km (100 n mile) above the earth surface; and 4) a
spherical nonrotating Earth was assumed.

A representative vehicle design similar to one used by
Drummond3 was used for this study. However, various design val-
ues for the vehicle shown in Fig. 3 were scaled up so as to represent
an advanced hypersonic lifting body with lightweight structures and
propulsion as discussed by Kasten.4

When considering various launch ascent profiles, there are an in-
finite number of individual trajectories that could be analyzed. In
order to limit the trajectories studied, thermal and dynamic-pressure
flight constraints were applied so that ascent profiles would be rep-
resentative of the vehicle design presented in Fig. 3. First, dynamic-
pressure limits were applied as follows: 1) a minimum dynamic
pressure limit of 100 psf for the air-breathing ramjet-scramjet por-
tion of flight, which was representative of the inlet pressure that
would be required for proper engine performance, and 2) a maxi-
mum dynamic pressure of 0.5 psf at the deployment point, which
was representative of conditions that would be required for this type
of satellite deployment. Implementation of these dynamic-pressure
limits allowed the altitude of the transition and deployment points
to be calculated as a function of the velocity at these locations.

An exponentially distributed atmosphere as shown in Eq. (1) com-
bined with the dynamic pressure relationship in Eq. (2) produced a
formula for calculating an altitude based on velocity and dynamic
pressure as shown in Eq. (3), where q is the dynamic pressure at the
transition point:

P = Poe-H/z

q = (p V2/2)

= -Z (n,(2q/paV2)

(1)

(2)

(3)

Gross Weight (mo)
181,414kg

Propellant Weight (mp)
(108441 kg + 12,049 kg reserve)

Empty Weight (mf)
(41,922kg)

Payload Weight (ml)
i||j (19,002 kg for baseline ascen

Other Definitions
R=Mo/mf np = mp/mo

H 1 - ml/mo n s = ms/mo

Fig. 3 Representative vehicle design weights.
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Thermal constraints were applied in the form of maximum al-
lowed normal shock temperature for the air-breathing portion of
flight. For this study, a maximum normal shock temperature of
6500 K was applied consistent with an advanced vehicle design.
Data for normal shock temperature based on velocity and altitude
was obtained from a study by Huber as shown in Fig. 4.5 This
data was used to determine maximum velocity limitations associ-
ated with the air-breathing portion of flight and thereby identify the
transition-point velocity.

Energy Analysis Method
The energy analysis method developed for this study was used to

investigate the difference in performance of the two ascent trajecto-
ries defined above. First, the performance of the baseline trajectory
for which both the launch vehicle and payload were placed in or-
bit was determined. Next, similar calculations were performed for
the same launch vehicle flying a suborbital trajectory where only
the payload is placed in orbit and the launch vehicle itself does not
achieve orbital velocity but re-enters the atmosphere and returns
to base.

The basis for the energy analysis formulated for this investigation
consisted of mass-fraction definitions as given in Fig. 3 and the
relationships shown below6:

= (V2/2)

R =

(4)

(5)

(6)

(7)

Note that Eq. (7) was derived from Eq. (6), resulting in an approx-
imation for the launch trajectory in that drag forces were not directly
allowed for. Only a single 7sp value was used in Eq. (7) to repre-
sent the performance over a large segment of flight. For this reason,
an average effective specific impulse was used in conjunction with
Eq. (7) that would be representative of engine performance over
the range of air-breathing flight. This average 7sp eff is representa-
tive of air-breathing engine performance and will vary with velocity
according to the thrust and air drag at various velocities as follows:

/sP eff = (thrust - drag)/m (8)

Values for 7sp eff were generated from absolute 7sp data as shown
by data points in Fig. 5. An average value of 7sp eff was obtained
by taking an average of 7sp eff data points over the desired range
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Fig. 4 Variation of normal shock temperature with velocity and altitude.5
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of flight velocities. Average 7sp eff data are shown as a solid line in
Fig. 5. They vary with vehicle velocity because any given 7sp value
represents an average from zero velocity to the appropriate Mach
number at the end of the air-breathing portion of the ascent.

Baseline Vehicle Performance
The first step in the energy analysis method was to identify a

baseline trajectory and determine its payload capacity. Since there
were an infinite number of different ascent trajectories that could be
identified, each with different performance characteristics, it was
important to identify an ascent profile that would maximize the
payload capacity of the baseline trajectory. For this study, the de-
termination of an optimized trajectory involved identifying the ve-
locity and altitude of the baseline transition point associated with
the maximum-performance ascent trajectory. In this case, the op-
timum baseline trajectory would be achieved by maximizing the
use of air-breathing propulsion, because the fuel specific-impulse
performance of air-breathing engines is better than that of rocket
engines. With this concept in mind, an iterative approach was
used with thermal data from Fig. 4 and dynamic-pressure limits
from Eq. (3) to determine the maximized transition-point altitude
and velocity.

Once a particular baseline trajectory was identified, the total A V
required to move between different points along the trajectory was
determined. By assuming an instantaneous propellant burn for each
segment and that the total specific energy £, immediately following
engine operation, remains constant for the segment, Eq. (5) was used
to establish the relationship shown in Eq. (9). This relationship was
rearranged as shown in Eq. (10) to determine the AV requirement
for both the air-breathing and rocket propulsion segments of the
baseline ascent trajectory:

capacity of the baseline ascent trajectory was then determined from
Eq.(12):

(Vi+AV)2

(9)

(10)

Next, the amount of propellant consumed along the air-breathing
and rocket-powered portions of the trajectory was estimated. This
was done by calculating the vehicle mass ratio at the transition point
and after orbit insertion using Eq. (7). An appropriate average ef-
fective 7sp, based on the transition velocity, was taken from Fig. 5
for the air-breathing portion, and an 7sp of 400 s (conservative rep-
resentation of a LH2- and LOX-powered rocket engine) was used
for the rocket-powered portion of the ascent.

After calculating the vehicle mass ratios for the air-breathing
and rocket-propelled segments, the amount of propellant consumed
along each segment was determined using Eq. (11). The payload

mp =ra()-ra0[l -

m/ = ra() - ms - mpi - mp2

(11)

(12)

Suborbital Trajectory Analysis
For this portion of the analysis, performance for a wide variety

of suborbital trajectories was calculated with transition-point ve-
locities ranging from zero to orbital velocity. Note that to limit the
number of possible suborbital trajectory variables, the same veloc-
ity was used for both the transition and deployment points. In other
words, the rocket-powered portion of flight in segment 2 of sub-
orbital trajectories was used to increase the vehicle altitude while
maintaining constant vehicle speed.

The first step in this analysis required the calculation of transi-
tion and deployment altitudes using Eq. (3). Once these altitudes
were determined, the suborbital trajectory analysis was performed
in a manner similar to that used with the baseline trajectory calcu-
lations. First, the total A V required to move through each segment
of the suborbital trajectory was approximated using Eq. (10). Next,
the vehicle mass ratio was calculated for the transition and deploy-
ment points using Eq. (7). As was done with the baseline trajectory
analysis, an appropriate average effective 7sp value from Fig. 5 was
used in Eq. (7) to determine the air-breathing mass ratio.

Next, the amount of propellant consumed prior to payload de-
ployment was determined. To do this, the definition for the mass
ratio R was manipulated to the form

mp =mo-m ( ) [ l - ( l / R ) ] (13)

which was used once to calculate the propellant used during the air-
breathing portion of flight and again for the rocket-powered portion
of flight leading up to payload deployment. The total propellant con-
sumed in the first two flight segments represented the total launch-
vehicle propellant requirement for a particular suborbital trajectory.
The difference between this sum and the propellant consumed by the
baseline vehicle (i.e., baseline-vehicle propellant minus suborbital-
vehicle propellant) was assumed to represent additional payload ca-
pacity for the combination of booster-kickmotor and payload m()so.
The initial weight of this combination was found by subtracting the
weight of propellant consumed and the launch-vehicle structural
weight from the initial launch-vehicle gross weight:

= m0 - m.v - p2 (14)

The payload weight placed in orbit by the booster motor was
determined by calculating the A V requirement from deployment to
orbit insertion using Eq. (10). For this calculation, the booster mass
ratio Rso was calculated using Eq. (7). Assuming a conservative
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value of 0.1 for booster-kickmotor structural mass ratio nvso, the
payload weight delivered to orbit was then found using

so) ~ n,sow()so (15)

Finally, the vehicle performance for the suborbital trajectory was
compared with that of the baseline vehicle using a payload ratio
defined by

payload ratio = m/so/m/baseiine (16)

A payload ratio greater than 1.0 indicated that the particular subor-
bital trajectory was capable of delivering a heavier payload to the
target orbit than was possible with the baseline trajectory.

OTIS Analysis Method
To perform a comparison and validation of the energy analysis

results, a more complex baseline and suborbital trajectory optimiza-
tion was performed using the OTIS trajectory optimization program.
OTIS uses several advanced numerical methods along with Earth,
atmospheric, and vehicle models to facilitate the development of
optimized flight paths. This program provides a high-fidelity rep-
resentation of launch-vehicle performance based on the trajectory
and flight-path constraints identified by the analyst.

For this study, OTIS was used to optimize a baseline and several
suborbital trajectories as described for the energy analysis method.
The same constraints and representative vehicle design were used for
this analysis as were previously discussed with the energy analysis.
In addition, aerodynamic characteristics were required to model
subsonic and transonic flight regimes for each trajectory.

The OTIS analysis consisted of three phases:
1) The various models and flight constraints that would be used

for the analysis were described. This included models for the launch
vehicle, propulsion systems, aerodynamic performance, and atmo-
spheric conditions. Constraints were included for engine inlet dy-
namic pressure, maximum heat flux, maximum acceleration, and
allowable engine settings.

2) Next, the program was used to identify an optimized baseline
trajectory and a series of several different suborbital trajectories
based on the vehicle model and flight-path constraints.

3) Finally, the suborbital trajectory performance was compared
with that of the baseline trajectory, using Eq. (16) as in the energy
analysis.

The reader can find a more detailed discussion of the OTIS anal-
ysis in Refs. 2 and 7.

Results
The first area analyzed was the baseline trajectory. Although there

are many different baseline transition point velocities and altitudes
that could be analyzed, it was important to select conditions that
would maximize the payload capacity of the baseline trajectory. In-
spection of the vehicle design parameters and constraints applied for
this study made it possible to identify an optimized baseline ascent

profile. Since the air-breathing engine was more efficient than rocket
propulsion, the highest performance was obtained by maximizing
this segment of flight. Application of the dynamic-pressure and ther-
mal constraints bound the baseline trajectory to a transition velocity
of 6827 m/s (Mach 20.7) and an altitude of 44,622 m.

Once the optimized baseline transition point was identified,
the propellant requirements and payload capacity were calculated.
Based on the vehicle design and performance parameters previ-
ously discussed, the baseline propellant requirement was 108,441
kg. Subtracting the required propellant and structural weight from
the gross weight resulted in 19,002 kg available as deliverable pay-
load capacity.

After the baseline trajectory performance was determined, vari-
ous suborbital trajectories were analyzed and the results compared
with the baseline. A full range of suborbital trajectories was an-
alyzed with transition-point velocities ranging from near zero to
orbital velocity. For each individual trajectory, values were calcu-
lated for 1) launch-vehicle propellant requirement, 2) booster engine
weight for orbit insertion, and 3) final payload weight. Suborbital
trajectory results were then compared against the baseline trajectory
by calculating payload ratio vs suborbital transition-point velocity
as shown in Fig. 6. The following observations can be made from
the results shown in Fig. 6:

1) The use of suborbital trajectories shows potential for increas-
ing the payload-to-orbit capacity over that possible with a normal
ascent profile as represented by the baseline trajectory. This obser-
vation is based on the portion of Fig. 6 where the payload ratio is
greater than 1.0.

2) The best suborbital trajectory performance was achieved when
the suborbital trajectory was initiated at a velocity slightly less than
that of the baseline transition point. This observation has some in-
tuitive support in that the best performance trajectory would be
expected to take full advantage of the higher performance of the
air-breathing engines prior to the transition point. At still higher
transition-point velocities, the advantage of higher air-breathing
engine performance is reduced as indicated by the 7sp values
in Fig. 5.

3) Figure 6 shows a best-case suborbital payload capacity that
is 50% greater than that of the baseline trajectory. The best-case
suborbital trajectory resulted in a 28,617-kg payload capacity,
as compared to the 19,002-kg payload capacity of the baseline
trajectory.

4) From Fig. 6, it is apparent that an increase in payload placed
in orbit can result from using suborbital launch trajectories with
transition from air-breathing propulsion to rocket propulsion at a
flight Mach number greater than approximately 13. Performance
continues to increase, on a near-linear basis, until the suborbital
transition velocity nears that of the baseline ascent profile.

The energy analysis suborbital trajectory results are compared
with the suborbital trajectory performance calculated with OTIS in
Fig. 7, where the energy analysis results are identified by a solid line
and OTIS data by individual points. The following observations can
be made based on the data shown in Fig. 7:

1) A very good correlation exists.between the OTIS and energy
analysis results. Note that the energy analysis results are conserva-
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Fig. 6 Comparison of suborbital and baseline trajectory performance with various suborbital transition-point velocities.



416 GOODELL AND ELROD

cc
•o
(0o

1.8 -r

1.6 --
1.4 --
1.2 --

1 --
0.8 --
0.6 --
0:4.--
0.2 --

0 --

— Energy Analysis Data |
• OTISData j

0.1 0.2 0.3 0.70.4 0.5 0.6

Velocity Ratio (V/Vclr)

Fig. 7 Comparison of energy analysis and OTIS analysis results.

0.8 0.9

tive compared to the OTIS results for suborbital trajectories with
transition velocities near the baseline transition point. Some varia-
tion between the two techniques might be expected as a result of the
differences between the two methods used to calculate the results
and the simplifying assumptions adopted for the energy analysis
method.

2) The OTIS results indicated an even greater suborbital payload
capacity than that obtained with the energy analysis. OTIS results
indicate a best-case suborbital payload capacity that is 61% greater
than that of the baseline trajectory, as compared to a 50% increase
identified using the energy analysis.

Conclusions
The primary conclusion from this study involves the utility of

the energy analysis method that was developed for the analysis
of suborbital trajectories. Based on the results and on comparison
with results from the more rigorous OTIS analysis, it appears that
the energy analysis method provides an excellent tool for initial
hypersonic-vehicle performance and design calculations. Results
from this method can be obtained quickly and without much com-
puter support. This method is also useful for exploring many differ-
ent vehicle designs as part of an initial concept of employment for
this type of vehicle.

Although the focus of this study was to investigate the utility of a
simplified analysis tool, there are other conclusions from the results
of this study as follows:

1) The use of suborbital trajectories shows potential for increasing
the payload weight that can be placed in orbit from a hypersonic-
lifting-body vehicle. Results from this study indicated up to 61%
increase in payload capacity is possible over the conventional

hypersonic-lifting-body trajectory in which both the launch vehi-
cle and payload are placed in orbit.

2) Based on the vehicle design used for this study, the optimum
point for transition from air-breathing propulsion to rocket propul-
sion appears to be at a speed ratio of approximately 0.876 (Mach
20.7) and an altitude ratio approximately 0.279 (44,622 m), regard-
less of whether a baseline or suborbital ascent is used. While the
realization of a hypersonic vehicle that can achieve this level of
performance promises to be a challenge, results from this analysis
indicate that the largest payload ratios would result from this type
of ascent profile.
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