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Reusable suborbital launch vehicles provide cheap access to high altitude experimentation and science opportunities. Currently these vehicles present significant design hurdles
and monetary investment for academic institutions to consider developing as student education opportunities. The Space Hardware Club at the University of Alabama in Huntsville
are designing a system that will merge two common student engineering arenas, ballooning
and rocketry, to develop a suborbital vehicle concept using commercially available hardware and propellant. The vehicle concept will use a balloon platform to hoist a rocket to
a high altitude bypassing significant atmospheric density. At balloon apogee, the solidfuel rocket is ignited to boost the payload on a suborbital flight. A high altitude launch
minimizes many factors to expand the range of common rocketry systems, allowing for
reduced airframe mass, increased lifting efficiency, and lower thrust requirements. In addition, the platform being designed around commercial systems allows increased access
for student/academic development. We will present an overview of the capabilities of the
launch vehicle as an atmospheric sounding rocket; covering the systems design points, key
efficiencies, technologies, and solutions to the platform specific challenges.

Nomenclature
θ
I
FT
β
α
Ac
Ap

CA
CD
CL
ψ
φ
ϕ
ρo

Angular Displacement, Radians
Moment of Inertia, kg/m2
Force of Thrust, N
Atmosphere Scale Factor, 1/m
Angle of Attack, Radians
Cross Sectional Area, m2
Lifting Area, m2

I.

Coefficient of Axial Lift
Coefficient of Drag
Coefficient of Lift
Yaw Angle, Radians
Roll Angle, Radians
Pitch Angle, Radians
Air Density at Sea Level, kg/m3

Introduction

he Space Hardware Club (SHC) has set out to develop a concept for a reusable suborbital launch vehicle
T
(RSLV) that is designed within the constraints of commonly available balloon and rocket systems. The
RSLV uses a balloon assisted rocket vehicle architecture, commonly called a rockoon, to significantly reduce
drag loss and maximize vehicle apogee. By utilizing a high altitude launch, large optimization of propellant
can be achieved within a smaller and more economic rocket. The efficiency gained by an altitude launch is
intended to bring the development of a suborbital capable launch vehicle to within the technology readiness
level available of student organizations. The result is that commercial hobby solid fuel motors on high
powered rockets can achieve apogees required for suborbital flights. A general performance evaluation of
commercial motors is shown in figure 1.
Historically, rockoons were some of the earliest techniques used for high apogee suborbital missions.
Project Farside flown by the USAF was the most ambitious, using a 4-stage solid fuel rocket reaching
an estimated altitude of 6000km. Today several companies are developing their own rockoon systems for
micosatellite launches.
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For student organizations developing a suborbital rocket
system, a rockoon presents the prime platform for larger
scale projects. For ground launched sounding rockets; the
technical development of specialty propulsions and monetary cost for scale launches puts these development challenges beyond reasonable feasibility. By merging ballooning
and rocketry, a system is developed that can utilize flight
heritage and experience to cut development time and costs
significantly, especially for a mission of this magnitude. The
intention of the SHC RSLV team is to develop the engineering concept of this vehicle and identify its performance
capabilities, monetary costs, and development timelines required for the SHC to accomplish this mission. This paper
will discuss the engineering aspects of the proposed system.

II.

Mission Concept of Operations

Figure 1. A graph of altitude performance of
commercial hobby motors with estimated airframe mass. STG stands for the second stage
motor that is stacked on an O8000.

The flight operations for the RSLV are split into three
distinct phases. First is the ascent phase where the balloon
with rocket ascends to launch altitude. Second is the rocket
booster burn phase which begins the suborbital flight. Third is the descent and recovery operations for both
the balloon launch platform and rocket booster. In figure 2 a diagram of the flight operations described with
key points is shown.

Figure 2. Concept of operations for the RSLV

III.

Balloon Overview

In order to achieve a successful launch of our RSLV, a sound balloon design is pivotal. The current design
of the system is to use a super pressure balloon to hoist the payload to the target altitude and begin cruising
in a stable orientation. This will allow time for the ground crew to perform a system of checks to ensure a

2 of 11
American Institute of Aeronautics and Astronautics

safe launch. A high value of the expected total payload mass to be lifted by the balloon (gondola and rocket
booster) is estimated at 90kg. Based on a previously developed table of values,1 a helium balloon made of
20µm thick material carrying a payload of 90kg would be inflated to a volume of 5×103 m3 at an altitude
of 30km. Upon launch, the rocket would punch through the stretched material of the balloon, causing the
gondola platform to begin its descent immediately. This strategy was adopted from project Farside which
successfully punctured through a similar balloon following rocket ignition.
A.

Balloon Design

At altitude, the balloon will be pressurized to a specific volume based on the mass of the payload. In order
to ensure that the payload is secure, several attachment lines will be run down the sides of the balloon, all
connected to a central payload line around the balloon’s circumference. The central payload line will be
attached with multiple flanges sewn into the balloon material to add a strong foundation for large payloads.
The payload line system would be designed with a hoop ring to maintain line separation for the rocket flight
and to minimize oscillations induced during launch operations.

IV.

Launch Platform

The design of the launch platform was approached with a first principles method in mind. With the
balloon already supporting the rockets mass, the structure should be as lightweight as possible while still
possessing the structural integrity needed for an acceptable launch platform. A challenge encountered early
on in the design process was the shifting of the center of gravity as the booster ignited. With the simplicity
of the system being second only to the reliability, the platform design chosen features dual launch rails which
encase the rocket via several rail buttons and connect the thrust plate to the balloon connection frame. The
launch frame tether lines are run to a hoop ring that will serve as the intermediate connection point between
the launch platform and the balloon. The hoop will maintain separation of tether lines and increase the
number of line connections to distribute loading across the balloon flanges. Figure 3 shows the basic design
of the gondola. The launch platform and rails will be built using a high strength metal such as aluminum.

Figure 3. A basic design for the launch platform (avionics box not shown)

A.

Rocket Ignition

The high altitude will present a unique challenge for igniting the rocket. The current design is to use
high-altitude E-matches.
B.

Avionics

The gondola avionics is a crucial system for the RSLV; its primary function is to track the vehicle during
ascent, provide real time telemetry of its status, and ignite the booster. The condition of the gondola
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platform will be closely monitored to determine safe condition before the rocket booster ignition, which is
performed remotely by command from the ground station.
1.

Sensors

To gather the status of the gondola a variety of sensors will be present to track altitude location, orientation, and power status of the gondola. Standard pressure sensors along side GPS are used for location.
Accelerometers and gyroscopes are used to determine sway and any harmonic motion. The combination of
all these sensor inputs will determine if the condition is safe for the second phase of flight.
2.

Communications

The gondola will require a direct radio communication with the ground station throughout its flight in order
to launch the rocket. An early commercial solution was found with the Digi Xbee SX which has a 30dB
transmission capability and -113dB receive sensitivity. A secondary redundant method using the APRS
(Automatic Position Reporting System) network will be used for recovery purposes.
3.

Power Budget

A basic power budget for the avionics operations are outlined below in table 1. The rocket ignition will
only use a burst of current, the same is true for the parachute deployment, meaning they will not have a
meaningful impact to the mission power budget and are not listed. Overall the power draw for this system
is relatively low; several commercial battery solutions exist that provide more than enough power.
Table 1. Estimated Gondola Avionics Power Budget

Component
Digi Xbee SX (Transmit)
Digi Xbee SX (Recieve)
9-DOF IMU
Antenova GPS
Miro-Controller Unit
APRS Module
Pressure Sensors
Total

C.

Current (mA)
900
40
1
52
300
200
0.1

Quantity
1
1
3
3
3
1
3

Duty Cycle
0.5
0.5
0.8
1
1
1
1

Time of Operation (hr)
5
5
5
5
5
5
5

mAh
2250
100
8
135
10
1000
1.5
3505

Recovery System

The recovery system for gondola platform is a standard single parachute deployed after balloon burst and
booster ignition. The gondola itself has a low cross section to minimize drift. Deployment of the parachute
will be done using a standard black powder charge to eject the parachute out of the container. In table 2 the
sizing and material of the recovery system is shown. The performance of this recovery system is discussed
later under the section on simulations.
Table 2. Balloon Recovery System Sizing

System
Primary (x1)

Deploy Altitude
30km

Diameter
1.5m

Chute Lines
10
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Material
Nylon

Mass
1kg

V.

Rocket Booster Overview

The second major system of the RSLV is the rocket booster. In general the rocket was designed with
simplicity and realizability in-mind, again constricted by designs capable by the SHC. Early on in concept
development a single stage rocket was identified as capable of reaching 100km. With this apogee capability
and the inherent simplicity of a single stage system, it was decided to move forward with optimization
of its design. The rocket will separate into three segments during the recovery phase of operations, each
segment connected by a shock chord. The upper section will house the primary parachute and the lower
section the drogue. Payload will be placed inside of the coupler. The avionics will be housed within the
nose cone, primarily for better signal transmission for GPS as carbon fiber blocks radio transmission. Two
electrical systems will exist: one for the primary avionics and a secondary in the propulsion section for drogue
deployment. The fins will have a cant angle to induce spin-stabilization; the performance of this system will
be covered in detail under the simulation section. In figure 4 and figure 5 an overview of the rocket booster
is shown.

Figure 4. Rocket Cross Section Diagram

Figure 5. Rocket Booster Exploded View

The primary airframe material will be carbon fiber for its high strength and light weight. Bulkheads
will be made from polycarbonate coupled with aluminum mounting rods and bolts. The nose cone will be a
acquired via a commercial vendor and made from fiberglass. The total mass of the rocket is around 44kg.
A.

Avionics

The rocket avionics will have basic limited functions. Primarily the avionics will be used for position location
and to perform required recovery operations which include initiating the de-spin and deploying drogue and
primary chutes. Radio communication will be maintained, however no commands will need to be sent to the
rocket during flight.
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1.

Altitude Determination and Trajectory Tracking

Standard GPS altitude determination using commercial systems have limitations placed on them, namely
speed and/or altitude locka . In either case the rocket booster will operate outside of both these ranges.
While it is possible to have commercial systems unlocked, an option will be pursued for a redundant method
to determine position independent of radio and GPS systems.
The most effective and easy method to implement on the rocket is dead reckoning. For this method,
three accelerometers and three gyroscopes are required. Acceleration values are taken in and adjusted by
the angles measured from the gyroscopes in order to provide acceleration relative to the earth frame. From
this point, a double numerical integration using the composite Simpsons method is used alongside its error
difference. The dead reckoning simulations have little error when compared to the results from simulations
(>2%). Simpsons one third was chosen as opposed to other numerical integration techniques due to its
accuracy and low computing requirements.
2.

Communications

The rocket will ideally maintain direct radio communication with the ground station throughout flight. The
Digi Xbee SX with 30dB transmission considering free space path loss will have plenty of range for our
purposes. A secondary redundant method using the APRS network will be used for tracking and recovery.
The airframe made from carbon fiber will block radio transmissions, which necessitates several external
antennas (not shown in the figure 4) that will be placed to maintain constant lock with ground station while
spinning.
3.

Power Budget

A rough power budget was formed to determine the size and mass of batteries required for avionics operations,
these are outlined below in table 3. Note that the parachute deployment will require a large current but only
as an instantaneous burst, so its power draw will not be considerable over the flight time and is not listed in
this budget.
Table 3. Estimated Rocket Booster Avionics Power Budget

Component
Digi Xbee SX (Transmit)
Digi Xbee SX (Recieve)
9-DOF IMU
Antenova GPS
Miro-Controller Unit
APRS Module
Total

Current (mA)
900
40
1
52
300
200

Quantity
1
1
2
1
2
1

Duty Cycle
0.5
0.5
0.8
1
1
1

Time of Operation (hr)
5
5
5
5
5
5

mAh
2250
100
8
135
10
1000
3503

A large number of commercial battery solutions exist that can provide over 3000mAh for under 200g that
will easily fit within the avionics bay of the rocket booster.
B.

De-Spin System

Following spin stabilization after ignition the lack of air density means constant rate will be maintained to
apogee. For safe deployment of the parachutes the rocket will require a de-spin system. The design will use
a standard Yo-Yo de-spin with two masses attached to springs. Once apogee is reached masses are released.
When the final target roll rate is achieved the springs and masses are detached from the rocket. A simple
servo detach is currently planned for this. A basic design constraint is found using equations pulled from a
NASA NTRS report.2 In table 4 design values for mass and springs for the a rocket mass of 44kg are given
across different initial roll rates to achieve a final rate of 1o /s.
a Limitations

exist to prevent their use for military applications
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Table 4. De-Spin Calculations

Initial Roll Rate
180o /s
360o /s
720o /s

Final Roll Rate
1.0o /s
1.0o /s
1.0o /s

Unstretched Length
0.4m
0.4m
0.4m

Spring Constant
233N/m
1882N/m
15121N/m

Mass
0.263kg
0.265kg
0.266kg

The spring values determined above will define the material choice, windings, and pitch of the spring.
The beauty of the Yo-Yo de-spin is that its design can handle a wide range of initial roll rates for any mass
and spring combination allowing for flexibility.
C.

Recovery System

As for any suborbital flight, the descent phase is marked by an unavoidable drag-less free fall. This means
that the recovery system will have to withstand greater then Mach 3 speeds upon entering any meaningful
region of air destiny. In addition, for ideal recovery it is crucial to minimize drift during descent. A drogue
and primary parachute design will fit this purpose, mostly for its simplicity. The primary chute is split
among three smaller chutes to distribute loading and in the event of possible single chute failure. The drogue
is deployed at apogee followed by the primary chute at 4km. In table 5 the geometry of the parachute and
its material is shown. Black powder ejection is planned for deployment of drogue and primary. Simulations
will be discussed later.
Table 5. Recovery System Sizing

System
Drogue (x1)
Primary (x3)

Deploy Altitude
100km
4km

VI.

Diameter
0.2m
0.6m

Chute Lines
5
10

Material
Nylon
Nylon

Mass
0.3kg
0.5kg

Simulations

In this section we will cover the detailed analysis of the system using simulations. A variety of different
methods are used for each of the components of the launch vehicle, most analysis is done at a high level
taking many approximations into play. The results of this are used iteratively to arrive at the general design
of the vehicle laid out in the above sections. The performance of the booster flight required the development
of an internal six degree of freedom (6-DOF) simulator to handle the high altitude launch of the vehicle
which is beyond the capabilities of standard amateur software simulators such as OpenRocketb . To develop
the simulator, MATLAB Simulink was used to perform the numerical differential equation solver, specifically
the Runge-Kutta method, that is required to solve problems with non-closed form solutions.
A.

Six Degree of Freedom Simulator

The simulation uses the Barrowman equations along with an extension for compressible flow using the
Prandtl-Glauert approximations. In addition, jet damping effects are also taken into account. The details
of the drag coefficient and damping equations are too lengthy to cover in this paper; instead only a basic
overview of the simulation setup will be shown. In figure 6 a free body diagram is shown highlighting
principle axes. For simplicity all rocket forces and moments are considered with respect to the rocket frame,
since thrust is defined relative to the Y axis of the rocket body.
With the torques defined in the rocket frame we can use the Euler rotation equations since we have
defined forces in respect to the fundamental axes. The Euler equations applied in this manner find the
rotational accelerations hθx , θy , θz i within the rocket frame as
b Common

amateur rocketry open-source simulator
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Figure 6. A diagram of rocket forces as defined in the rocket frame. On the left is the earth frame

Iyy − Izz ˙ ˙
τx
+
θy θz
θ¨x =
Ixx
Ixx
τy
θ¨y =
Iy

(1)
(2)

τz
Iyy − Ixx ˙ ˙
θ¨z =
+
θy θx
(3)
Izz
Izz
Here τx,y,z are the sum of aerodynamic forces. Translational accelerations in the rocket frame hxr , yr , 0i are
in terms of thrust, axial force, and normal force exclusively, treating all forces acting on a single axis. The
axial force is a product of the drag and lift coefficients as given by
ẍr =

FT (t) ρo e−βx ẋ2 CA Ac
−
m(t)
2m(t)

(4)

ρo e−βx ẋ2 CL Ap
2m(t)

(5)

ÿr =

Po e−βx is an approximation for the changing air density with altitude using an atmosphere scale height β.
CA and CL are defined as
CA =

CD cosα − 0.5CL sin(2α)
1 − sin2 (α)

(6)

Ap 2
α
(7)
Ar
Where K is approximated as 1 and α is the angle of attack. Finally we propagate accelerations from the
rocket frame into the earth frame using the displacement angles found from the numerical integration of
Eq(1), Eq(2), and Eq(3). Using these rotation displacements a standard coordinate frame transform is done
with a rotation matrix of Tait-Bryan (Y-X-Z) angles. In addition we now add the gravity acceleration since
it is conventionally defined within the earth frame. This simulation does not include the Coriolis effect and
assumes a flat earth.
CL = K

B.

Rocket Booster Analysis

To determine altitude and stability of the rocket booster the 6-DOF simulation is used. For recovery
simulations the same 6-DOF simulator is simplified to a two degree of freedom (2-DOF) model.
1.

Trajectory

The trajectory of the rocket booster is simulated with a straight vertical flight across varying launch altitudes,
powered by an O8000 Cesaroni motor. The O8000 is the largest commercial motor available on the market
and has a burn time of 5 seconds with an impulse of 40960Ns. The results are shown in table 6. The
simulation show that the ideal launch altitude for this system with an O8000 motor will be a 30km launch,
which will break the target altitude of 100km.
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Table 6. Performance of Rocket Booster

Initial Altitude
25
30
35

2.

Mass
44kg
44kg
44kg

Max Velocity
1160m/s
1165m/s
1168m/s

Max Acceleration
305m/s2
310m/s2
312m/s2

Max Q
2.588×104 N/m2
1.396×104 N/m2
7504 N/m2

Apogee
92.3km
100km
107km

Time to Apogee
125s
125s
125s

Spin-Stabilization

While there is no major presence of turbulence or force imparted by winds at 30km, a concern of possible platform sway and primarily thrust misalignment must be considered. At high altitude standard fin stabilization
has exponentially reduced effectiveness. The main passive stabilization strategy left was spin stabilization,
either with canted fins or pre-spinning before ignition. Standard spin-stabilization using canted fins is the
preferred method. Using the 6-DOF simulator, the performance of spin stabilization for the booster using
canted fins during its burn phase is evaluated. In figure 7 the simulation was run using a torque applied on
one axis of rotation during the burn phase to simulate thrust misalignment.

Figure 7. x-y angular displacement (radians) with altitude (meters). Simulation occurs in the first 50 seconds
of flight. A 0.1o thrust misalignment is applied for the 5 second burn of the motor resulting a torque force of
4N.

An ideal roll rate is around the value of 3 rev/s, beyond this value an increase in required de-spin will
occur alongside an exponential rise in the drag force. For a rocket of this mass and radius a fin cant of
around 0.34o was required to generate the necessary roll moment as seen in figure 7.
3.

Recovery System

A single drogue and clustered primary parachute system is used for the booster recovery. A drogue deployment is required for a reasonable G load during the primary chute deployment. The 2-DOF simulation is
iteratively run to achieve a target landing descent rate of <10 m/s at landing, and a minimizing of drift
while maintaining a reasonable shock from deployment of the primary chutes. To consider the effects of drift
a basic drag model from wind data3c is used to project its displacement. Values for diameters are inputed
in the simulator and iterated until the design meets acceptable performance. Table 7 lists the design values.
The primary parachute was split into three smaller parachutes for redundancy in the event of a single
chute failure and to reduce tension line force. Below in figure 8 the simulation is shown with a plot of
location, descent speeds, and wind gradient with time. Key points of descent activities are marked.
C.

Balloon Drift Analysis

The same wind model used for rocket parachute drift is applied to a balloon ascent simulation. This
simulation assumed an ascent rate of 3m/s and a linear expansion of the balloon volume as approximated
by a sphere. In figure 9 the drift and wind speed are shown.
c Data is acquired from the Black Rock Desert launch site in Nevada. Wind speeds are relatively high and provide a non-ideal
case to design around
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Table 7. Rocket Booster Recovery System Sizing and Performance

System
Drogue (x1)
Primary (x3)

Deploy Altitude
100km
4km
Landing Velocity
9.96m/s

Diameter
0.2m
0.6m

Chute Lines
5
10

Max Velocity
997m/s

Max Line Tension
165N
378.9N

Max Acceleration
402m/s2

Max Pressure
1.314×104 N/m2
744N/m2

Drift
61.39km

Figure 8. Left most graph is the rocket booster descent trajectory. Right graphs are descent velocity with
flight time and wind speed with altitude.

Figure 9. Left most graph is the ascent trajectory of the balloon. Right graph is the wind speed with altitude.

1.

Recovery System

The gondola will deploy parachutes following balloon burst after booster ignition. The 2-DOF sim for the
rocket recovery simulations are also used to determine the balloon parachute sizing. Again a target descent
speed of 10m/s is achieved. In table 8 the results of simulation are shown: A single primary chute is used
since the forces are not excessive and deployment is easier. Below in figure 10 the simulation is shown with
a plot of location and wind gradient with time. Velocity remains relatively constant throughout. Key points
of descent activities are marked.
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Table 8. Gondola Recovery System Sizing and Performance

System
Primary (x1)

Deploy Altitude
30km
Landing Velocity
10.0m/s

Figure 10.
altitude.

Diameter
1.5m

Chute Lines
10

Max Velocity
62.9m/s

Max Line Tension
19.96N

Max Acceleration
1m/s2

Max Pressure
113N/m2

Drift
51.6km

Left most graph is the descent trajectory of the gondola. Right graph is the wind speed with

VII.

Conclusion

The SHC RSLV team has set out to develop a suborbital capable launch vehicle that can be designed
under the constraints present for student organizations. In developing this vehicle a natural fit was found
by exploring the architecture of a rockoon that could utilize both ballooning and rocketry experience. The
result is a system that can reach suborbital altitudes using a high power rocket made from standard materials
and solid fuel hobby motors. Simulations were developed to design the required de-spin, parachute sizing,
stability assessment, and drogue deployment altitudes. In all cases the results show favorably that a system
like this can accomplish its objective. While the challenges present for high altitude launches are not a
simple hurdle the performance gained by it are well worth the difficulty. As of now the vehicle concept is still
in its infancy; much work has yet to be done to consider detailed stress and thermal analysis. The size of
the balloon system also poses a challenge for development alongside the reliability of high altitude ignition.
The SHC will continue to develop the vehicle concept this summer in anticipation for mission development
funding in the next year.
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