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Abstract—A general design framework has been developed for
the study of the different possible configurations for a suborbital
flight. First of all, a Re-usable Multistage rocket has been
designed, this will constitute the base for future configurations.
The stages of the launcher will land by reigniting its engines,
in the same way the company Space X lands its Falcon9 rocket.
This vehicle will follow an optimized ballistic trajectory. Secondly
a Waverider and Wingbody type vehicles will be considered for
the re-entry phase of the trajectory. Thanks to their capability
of generating lift, they will perform a Skip re-entry manoeuvre,
which will improve overall range and efficiency. As an alternative
to suborbital flights a Hypersonic aircraft will be studied. The
preliminary design of this vehicle will follow historical trends and
data, as well as technologies in development. This configuration
will use a Turbine-based combined engine, in order to achieve
speeds over Mach 5. Finally, this alternatives will be compared
with current transportation, such as Jetliners, trains and cars.
This will provide a comparison framework for every vehicle. The
most optimal solution will be discussed, in terms of efficiency and
flight time.

Index Terms—Suborbital, hypersonic, efficiency, energy, opti-
mization

I. INTRODUCTION

To the author’s knowledge, there are no plans for the
production of an affordable Suborbital flight transportation
network. There has been different projects, both from the
private and public sector, for the creation of a vehicle for this
purpose. The first plan for the production of said vehicle was
the Boeing X-20 Dyna-Soar. Unfortunately, it did not reach
its manufacturing phase, it was the first design of a series of
important spacecraft, such as the Space Shuttle. Boeing did
not abandon the concept and conducted further research with
the X-37 series. This vehicle was designed for both suborbital
and orbital flights, depending on mission requirements. It
completed a total of 5 missions, but due to it’s military nature
they have not yet been publicly disclosed [1], [2].

The private sector has also made great investments in the
advancements of such technologies. One of the most notable
projects was the space-plane denominated Spaceship One,
winner of a $10,000,000 prize by the X Prize Foundation in
2004. The prize was to be awarded to the first company to
launch a reusable vehicle into space two times in the short
period of two weeks. The company Space X has also recently

announced plans on using their new Big Falcon Rocket (BFR)
for commercial suborbital flights, but further development is
still needed. The British company Reaction Engines Limited
is also developing a space-plane both capable of orbital and
suborbital flights, the Skylon. The Skylon is a single-stage-to-
orbit (SSTO) spaceship. It uses a hybrid propulsion system,
being capable of both rocket and air breathing propulsion.
Once it becomes operational, the Skylon will be capable of
transporting up to 30 passengers to any location on Earth. Its
first flight is expected to be on the year 2025 [3]–[8].

Suborbital flights face a series of problems for its devel-
opment, this study it is intended to give solution to some
problems in efficiency and trajectory optimizations. The prob-
lem of a fully ballistic flight has been extensively studied in
the past for military purposes. The goal of a reusable vehicle
differs greatly from the military rocket. Nonetheless, it will
be used as an initial study framework for the optimization of
this problem. In order to further optimize the efficiency of
this system, a Skip Re-entry manoeuvre will be considered.
Said manoeuvre employs aerodynamic lift in the high upper
atmosphere in order to increase the total range of system,
greatly increasing efficiency. Work by previous authors will
be used in order to create simple aerodynamic models for this
phase of the suborbital flight [9], [10].

Hypersonic flight is an important contender for long dis-
tance transportation alternatives. The main focus of this study
is not the complete design of a hypersonic aircraft. In order
to compare the general characteristics and energy expenditure
of this alternative with suborbital flights a preliminary model
will be created, based on work of previous authors [11], [12].

II. GOALS, ALTERNATIVE CONFIGURATIONS AND
TRAJECTORY DESCRIPTIONS

A. Goals

The main goal for this study it to calculate and compare
the efficiencies of different long distance travel alternatives.
This study is intended to provide a general framework for
the preliminary design of suborbital flight configurations. It
is important to understand the limitations of suborbital flight.
The energy expenditure per passenger, efficiency, maximum



range and total mass of the different configurations will be
analysed and compared with other methods of transportation.

B. Alternative Configurations and trajectory descriptions

First of all a Reusable Multi-stage rocket will be analysed
and used as an initial framework for the study of alternative
configurations. The launcher will perform a gravity turn to
inject the passenger capsule into an elliptical orbital. This
manoeuvre will minimize the structural requirements for the
vehicle, as well as minimize gravity and drag losses. All stages
of the launcher will be designed for landing, with the objective
of decreasing launch costs [13].

This configuration will be further optimized with the addi-
tion of lifting surfaces in the last stage of the rocket. With
the capability of generating lift the vehicle will carry a Skip
Re-entry manoeuvre, which will improve both total range and
efficiency, at the cost of longer flight times. Two alternatives
for the aerodynamic model of the vehicle will be taken into
consideration, a Waverider and a Wingbody design [9].

In terms of re-usability the most efficient configuration
would be a single-stage-to-orbit (SSTO) vehicle. The X-33
was a technology demonstrator for the technologies required
for this alternative. Unfortunately, problems in its development
led to the programs cancellation. The technologies proposed
for this vehicle will be studied, and results will be given as a
function of the theoretical structural ratio [14], [15].

The preliminary design of the Hypersonic aircraft config-
uration will be carried based on work of previous authors.
Estimations for the consumed fuel and total weight of the
vehicle will be backed on historical data and expected values
of the Turbine-based combined cycle engine. The vehicle with
make use of a scramjet engine to achieve speeds of over Mach
5 [11], [12], [16].

III. SIMPLIFIED ASSUMPTIONS

In order to keep the problem simple and the computational
power required low, simplified models will be used in this
study.

A. Physical models

1) Gravitational model: Earth will be considered a perfect
non-rotating sphere. With this assumption gravity will vary
following Newton’s gravitational law [17], [18]:

g(h) = g0(
R0

R0 + h
)2 (1)

where g0 is the acceleration caused by gravity at sea level an
R0 the mean radius of the Earth, with values equal to 9.81
m/s2 and 6.371 km respectively.

2) Atmospheric model: For the suborbital trajectory sim-
ulation an exponential atmospheric model will be used [17],
[19]:

ρ = ρ0 exp(
−h
K

) (2)

with ρ0 being the air density at sea level and K a constant,
with values equal to 1.225 kg/m3 and 7500 m respectively.

For the Hypersonic aircraft the Standard Atmosphere model
will be used, as it does not demand the same computational
power as the suborbital flight trajectory simulation [17].

B. Capsule and launcher design

A linear regression using historical data will be used for the
capsule weight estimation. The vehicle will carry a pilot and
a copilot as crew. This value will be expressed as a function
of the number of passengers [20], [21]:

Mcapsule = 682.1(N + 2) + 1406.9(kg) (3)

with N being the number of passengers. The total payload
for the Re-usable rocket will be:

Mpl = (682.21(N+2)+1406.9)+((N+2)Mpassengers)(kg)
(4)

When analysing the re-entry vehicles with lifting surfaces
the added weight caused by the addition of this structures must
be taken into account [22]:

MWings = 0.112TWO − 780.1789(kg) (5)

MLandinggear = 0.0439TWO − 929.8644(kg) (6)

Solving for the total payload:

Mpl =
(682.21(N + 2) + 1406.9) + ((N + 2)Mpsgr) + 1710.0433

0.8441
(7)

Fig. 1. Linear regression for the capsule weight estimation

The estimated weight per passenger will be 129.3 kg,
taking into consideration mean passenger weight, luggage and
required vital systems [23].

An important value for this simulation is the structural
coefficient ε. The structural ratio will be considered using real
values of existing rocket with similar configurations (see table
I for reference) [21].

For propulsion the Merlin engine used by the Falcon 9
rocket will be used. In order to improve the efficiency of the
SSTO configuration an Aerospike engine will be used as a
point of comparison [15], [20].



Structural Coefficients (ε)
Falcon 1 First stage: 0.056

Second stage: 0.112
Delta II First stage: 0.056

Second stage: 0.136
Third stage: 0.094

TABLE I
STRUCTURAL COEFFICIENTS

Merlin Rocket Engine
Sea Level Thrust 147,000 lbf
Vacuum Thrust 161,000 lbf
Sea Level Isp 282s
Vacuum Isp 311s
Mean Isp 296.5s

TABLE II
MERLIN ROCKET ENGINE CHARACTERISTICS

X-33 Linear Aerospike Rocket Engine
Sea Level Thrust 206,000 lbf
Sea Level Isp 339.9
Vacuum Isp 429.8
Mean Isp 384.8500

TABLE III
LINEAR AEROSPIKE ROCKET ENGINE CHARACTERISTICS

C. Aerodynamic model

For the Reusable Multi-stage rocket the drag coefficient
CD will be consider constant and equal to 0.2. This is a
conservative approximation, as the real value is not constant
and depends on speed [24].
The following equations describe the Lift and Drag coefficients
for the Waverider configuration [9]:

CL = −0.03 + 0.75α (8)

CD = 0.012 − 0.01α+ 0.6α2 (9)

(
CL

CD
)max = 3.5441;α = 10.5825◦ (10)

And the Wing-body configuration:

CL = −0.034 + 0.93α (11)

CD = 0.037 − 0.01α+ 0.736α2 + 0.937α3 (12)

(
CL

CD
)max = 2.1225;α = 12.4217◦ (13)

CL and CD are assumed to be functions of the angle-of-
attack (α) only. This can be considered true for Hypersonic
speeds [9].

D. Re-entry and Landing

In order to keep the simulation simple it will be assumed
that the rocket carries an extra amount of fuel reserved for
landing. This percentages are based on work by previous
authors and are 10% for a landing back at launch pad and
6% at a maritime platform [25].

Fig. 2. Specific impulse comparison for different engines [12]

E. Hypersonic Aircraft

For the estimation of the total and fuel mass for this
vehicle models and data provided by Thomas C. Corke will
be used. Based on data provided by previous authors the
specific impulse of a scramjet engine can be estimated based
on figure 2. The relationship between this value, and specific
fuel consumption can be seen in equation 14. This value is
necessary for the total fuel consumption estimation [12], [16].

Ist =
1

(g0 × SFC)
(14)

F. Fuels and propellants

For the comparison between different travel alternatives it
will be necessary to transform the values obtained for the
propellant mass into energy. In the following table the specific
energy of the different fuels used in this study can be seen
[26]–[28]:

Storage Material Specific
Energy MJ

kg

Specific
EnergyMJ

L

Hydrogen (compressed at 700 bar) 142 9.17
Diesel 48 35.8
Gasoline 46.4 34.2
Jet Fuel (Kerosene) 42.8 37.4

TABLE IV
ENERGY DENSITIES OF COMMON ENERGY STORAGE MATERIALS

IV. TRAJECTORY CALCULATIONS

The problem of a rocket launch trajectory with a gravity
turn manoeuvre is defined by the following set of equations
[29]:

m
dV

dt
= T −D − (mg − mẊ

R0 +H
) sin γ (15)

mV
dγ

dt
= −(mg − mẊ

R0 +H
) cos γ (16)

When lift has to be taken into the consideration for the re-
entry phase, the following equations will be used:

m
dV

dt
= −D − (mg − mẊ

R0 +H
) sin γ (17)



mV
dγ

dt
= L− (mg − mẊ

R0 +H
) cos γ (18)

The ballistic flight phase will be optimized using the work
of previous authors. The non-dimensional parameter Q will be
used for this calculation [30]:

Q =
V 2(R0 +H)

µ
(19)

The values that maximize range in for a ballistic flight for
this parameter and the angle at burnout are (φ):

φbo =
1

4
(180 − Ψ) (20)

Qbo =
2 sin(Ψ

2 )

1 + sin(Ψ
2 )

(21)

Finally, a Lagrange multiplier optimization will be carried
out for the propellant distribution for each stage [18].

V. RESULTS AND DISCUSSION

The mass ratio (Λ) is a good way of measuring the total
efficiency of a rocket. This value is defined as the fraction
between the initial and final mass of the rocket:

Λ =
M0

Mf
(22)

A. Reusable Multi-stage Rocket

Both mass ratio and Specific energy consumption decrease
with the number of stages and passengers. This indicates that
overall efficiency increases with the size of the rocket. For
a number of passengers bigger than 40 the construction of
the rocket may face important problems due to its size. This
results can be seen in figures 3 and 4.

B. Skip Re-entry

The Waverider and Wingbody configurations improve the
efficiency of the systems. Waverider proves to be the most
optimal configuration of the three in terms of mass and total
Mass and mass ratio (see figure ?? for reference)

Flight time also increases with this manoeuvre, as it can
be seen in figure 6. The Wingbody and Waverider configura-
tions show increases of 50% and 100% in their flight times,
respectively.

This can be further explained by their velocities profile. In
figure 7 it can be seen how the Skip Re-entry configurations
loses speed more gradually than the Reusable Rocket option.
This translates as longer flight times. This has a positive
outcome too, since the vehicle manages to lose its kinetic
energy over a longer period of time, its surface will not achieve
temperatures as high. This will allow the vehicle to be lighter
and face less problems on re-entry.

Fig. 3. Total mass as a function of range for a Reusable Rocket

Fig. 4. Specific energy consumption for a Reusable Rocket

C. SSTO vehicle

In terms of re-usability the SSTO configuration is the most
practical solution to the suborbital flight problem. Unfortu-
nately, since there has never been a vehicle designed for this
purpose, its study can only be based on assumptions and
historical data. For this analysis, all results will be given as a
function of the structural ratio:

ε =
Mempty

Mempty +Mpropellant
(23)



Fig. 5. Total mass in tons and mass ratio as a function of range for different
configurations

For a single stage rocket this value varies between 0.08
and 0.5. In figure 8 it can be seen how the specific energy
consumption for any given range depends varies with this
value. If the value of ε is to high, the energy consumption
tends to infinity, and thus, the vehicle would need an infinite
amount of fuel.

It is hard to estimate if the extra weight provided by the
structures designed to provide lift would make the vehicle too
heavy for this purpose. With the theoretical values showed in
figure 8 it can be seen that the possibility exists, but further
work is still needed.

D. Hypersonic

The Hypersonic aircraft configurations shows promising
results in terms of efficiency. Its flight time is higher than
past configurations, but its efficiency and total weight make

Fig. 6. Flight time as a function of range for different configurations

Fig. 7. Speed as a function of ground distance for different configurations

it the most realistic option in terms of energy expenditure by
passenger.

This configuration comes with many limitations. Unlike
the suborbital flight, Hypersonic aircraft must stay inside the
atmosphere for its engines to properly function. The high drag
generated by moving at speeds of of over Mach 6 inside the
atmosphere generates high temperature on the surface of the
vehicle. If this problem were to be solved, Hypersonic speed
would be a more attractive option for high range transportation
than suborbital flights.

E. Comparison

In comparison with current alternatives, suborbital trans-
portation falls behind in terms of efficiency and energy ex-
penditure per passenger. When compared with an airliner,
both suborbital transportation and Hypersonic aircraft showed
promising results, but ultimately their efficiency was still to
low. The Skip Re-entry manoeuvre improved the efficiency of
suborbital flights, but this increase in efficiency also meant
an increase in flight times. When compared with commercial
aviation, suborbital transportation demanded up to 40 times
more energy per passengers. Hypersonic aircraft showed a
smaller difference of up to 5 times for longer ranges.

In terms of flight time, suborbital transportation was the
most optimal alternative of the different configurations.

When compared with the energy expended by passenger
by trains, all methods of transportation lack the efficiency
required to compete with this method of transportation.



Fig. 8. Specific energy consupmtion for the SSTO configuration as a function
of range

Fig. 9. Specific energy consumption as a function of range for the Hypersonic
aircraft configuration

VI. CONCLUSIONS

The procedures shown in previous chapters have success-
fully calculated the efficiency and total energy expenditure for
the different alternatives considered for a suborbital flight.

A Reusable Multi-stage rocket proves to be capable of
transporting a small number of passengers with efficiencies
superior to other current methods of transportation. Although
results confirmed that existing Jet-Airliners have significantly
superior efficiencies the difference in flight times puts subor-
bital transportation in a different niche market. It also must
be noted that the launch problem can be further optimized.
Multiple conservative assumptions were made in order to keep
the problem simple and the solution realistic. Points that could
be further optimized using more complex algorithms are the
acceleration profile at launch, the gravity turn and Skip re-
entry manoeuvre. This could result in more promising results.

The Skip re-entry manoeuvre used by the last stage of the
Waverider and Wingbody configurations proves to improve
overall efficiency at the expense of longer flight times. Be-
tween the Wingbody and the Waverider re-entry vehicles the
Waverider offers better general characteristics. It maximizes
efficiency and minimizes overheating problems on re-entry.
Furthermore, since this configuration can glide to its desti-
nation it could theoretically be capable of landing in standard
airports, as opposed to the Multistage Re-usable rocket, which
would need specialized platforms for landing.

Fig. 10. Specific energy consupmtion for different configurations with 20
passengers

Fig. 11. Time flight as a function of maximum range for diferent configura-
tions

The results obtained in the analysis of the SSTO suborbital
vehicle were given as a function of the structural ratio (ε).
This parameter is calculated once the full vehicle is designed,
and can only be estimated based on historical trends and data.
Since there has never been a fully constructed vehicle of this
kind it is hard to confirm if the required value is doable with
today’s materials and technologies. Current rocket engines also
prove not to be sufficient for this configuration. The Linear
Aerospike engine used in this alternative shows to greatly
improve overall performance. The development of this engine
was stopped due to the cancellation of the X-33 program, so
unfortunately it can only be thought as a future alternative.

The Hypersonic aircraft showed also promising results in
terms of efficiency. Compared with current generation airliners
its energy expenditure per passenger was 2 to 6 times higher,
but its flight times were lower up to 8 times lower. Although
this results look promising, hypersonic transportation is in
need of further development. Surface overheating is one of



the main problems that this alternative faces, as well as the
higher complexity of the engines required for this purpose.

Finally, we can conclude that suborbital flights are not a
practical alternative to current Jet airliners. Results showed
that the energy expenditure for suborbital flights is on average
30 times higher than current alternatives, this makes suborbital
flights not a competitive option for a regular passenger. If this
technologies were to be fully developed we could expect the
creation of a new niche market for wealthy individuals and
businessmen. Hypersonic transportation, on the other hand,
is not to far from current alternatives in terms of efficiency.
Gains, in economic and energy terms, provided by shorter
flight times could out-scale losses due to lower efficiencies.
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