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1 Mission

Vertical Limit Labs develops open-source designs
and expertise for launch vehicle hardware to place
nanosatellites into orbit repeatedly, reliably, safely,
and with a low overall launch cost and complexity.

Access to space has traditionally required re-
sources on the level of nation-states, but new tech-
nology in electronics and materials have allowed
useful payloads to shrink into the range of a few
kilograms [1], encouraging universities and amateur
groups to launch satellites for a variety of reasons.

Although beating the per-kilogram pricing of
modern launch providers at a small scale is likely not
possible, individual launches allow for more inter-
esting orbits and payloads outside of current launch
integration limits [1] [2].

2 Current and Future Projects

Milestone Target

Gas turbine prototype 1 Q2 2014
Turbopump control system Q4 2014
Gas turbine prototype 2 Q2 2015
Turbopump prototype Q4 2014
Pump-fed motor Q3 2015
Flight model motor Q4 2016

Table 1: Current planned development timeline.

2.1 Turbopump and Gas Generator

A pump-fed liquid propellant rocket motor is often
described as a “turbopump with a rocket nozzle at-
tached” due to the difficulties of designing high per-
formance turbomachinery. Because of the large per-
formance boost over pressure-fed motors, developing
an appropriate turbopump would be a large boost to
any motor design effort.

Figure 1: Draft design for the Phoenix motor tur-
bopump impeller design.

To reduce upfront development difficulties, a gas
turbine prototype will be developed initially, using
methanol and atmospheric air. This requires many
of the components of a turbopump, but can be built
with a single compressor, using bleed air to push fuel
from a piston, and avoids the difficulties of cryogenic
fuels and high temperatures from strong oxidizers.
This prototype is being designed currently to deliver
300W of steady-state power from the turbine, and
to provide compressed air as a power output of ap-
proximately 100W. This is also an opportunity to
develop and verify the electronics and control algo-
rithms are stable and functional across a range of
conditions, and to verify design assumptions (axial
loading, bearing design, and so forth).

Designing the prototype has proven to be an in-
formative experience, learning about the Brayton cy-
cle, thermodynamics, and turbomachinery. It is ex-
pected that, pending the success of the first proto-
type, the design will be iterated upon, with a second
generation using gaseous oxygen and propane as fu-
els, followed by a transition to cryogenics, and finally
a removal of excess mass for a flight model. This
process will gradually increase outlet pressure to a
target 6.5MPa to 8.0MPa and shaft power to 4kW
to 6kW. The scale of the turbopump is to be as
small as reasonably practical with DMLS and other
available methods.
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2.2 Micro-scale Pump-fed Liquid Motor

Once a satisfactory power pack is designed and
tested, a liquid rocket motor can be designed around
it. This will presumably be similar to the Phoenix
design, with modifications for the turbopump as nec-
essary.

150 100 50 0 50 100 150
mm

50

0

50

100

m
m

Phoenix motor nozzle profile

Figure 2: Profile of the Phoenix rocket motor design.
The profile of the developed motor would presum-
ably look similar.

The current expectation is that this will be pro-
duced by cold-forming a bundle of stainless steel
tubes with 3D printed (likely ABS) forms, forming a
tube-wall structure similar to most historical NASA
motors [3]. These tubes will be brazed together, and
brazed at each end into the injector manifold and the
fuel inlet. Because the inlet and nozzle outlet may
be of similar widths due to scaling concerns, it seems
unlikely that tubes will need to be bifurcated (as
seen in the Saturn V’s F-1 motors [4]). A structural
jacket will be bolted on to contain the pressure in
the combustion chamber (the individual tube walls
will only need to contain the pressure drop across
the injector).

The flight model will mount the turbopump, ul-
lage gas source and heat exchanger, and control
avionics, and provide a mechanism for thrust vector
control by gimballing the motor. After substantial
static testing, flight testing can be considered.

2.3 Future Concepts

There are several other concepts under considera-
tion. While these are currently believed to be feasi-

ble, the are not currently under serious investigation
until they prove useful.

2.3.1 Six-DOF Simulation Framework

There does not currently exist a six-degree-of-
freedom simulation environment. This is necessary
for both software- and hardware-in-the-loop test-
ing of control systems, as well as for simulation
and optimization of flight dynamics. This would be
paired with a potential realtime data display system
that could be used for a “mission control” view of
launches and tests.

2.3.2 PIGA IMU and Avionics

Although several non-orbital projects have used
commercial GPS units for location tracking, due to
ITAR limitations, non-standard GPS units will be
necessary. These are often supplemented by MEMS
accelerometers and gyroscopes to measure inertial
frames of reference.

As an alternative, it may be possible to produce
a micro-scale three-axis pendulous integrating gyro-
scope accelerometer with off-the-shelf servomotors,
vibration motors, microcontrollers, and 3D-printed
structure. This concept provides an absolute frame
of reference and measurement of linear displacement
in each dimension for the vehicle. PIGA IMUs have
been applied in numerous NASA and military rock-
ets, as well as in submarine navigation, although any
amateur launch vehicle would presumably not have
such stringent accuracy needs.

This IMU would be designed along with control
avionics for the launch vehicle: realtime telemetry
downlinks, command uplink (required at least for
an abort command), and flight control to reach the
desired final orbit and, if possible, deorbit the upper
stage.

2.3.3 Launch Vehicle

With the successful development of a low-cost pump-
fed motor, the design of a launch vehicle can be
considered. Complicated staging systems are not
tremendously uncommon in model rocketry, but are
notorious as a point of failure. Developing a reliable
flight vehicle is not a task to be undertaken lightly,
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and will most likely grow out of the test vehicle for
the motor.

3 Design Philosophy

After developing an initial concept for the Phoenix
motor, it became apparent that there were too many
unknown parameters to satisfactorily develop a full
motor simultaneously. The likelihood of the first
prototypes working as designed in all-up tests ap-
pears low. Furthermore, the high-pressure tanks,
cryogenic dewars and servo valves, and other compo-
nents represent a very large up-front cost for testing
of uncertain future utility.

Between these two factors, it appears common-
sense to design more slowly and willfully. Docu-
mented NASA experience [3] [5] and substantial im-
provements in computational power enable modern
designers to spend less on prototype testing, allow-
ing Vertical Limit Labs to operate on a shoestring
budget. Similarly, because development time is ulti-
mately limited to nights and weekends, overly com-
plicated systems should be avoided, while still opti-
mizing for performance.

3.1 High Performance

Placing satellites into orbit remains a very difficult
engineering challenge. The tyranny of the rocket
equation suggests that even slight changes in the dry
mass of a stage can substantially improve the mass
fraction of the launch vehicle. Lower overall mass
fraction requires larger tanks, more (or more power-
ful) motors, and contributes to a snowballing growth
of the launch vehicle.

This goal justifies some increase of design com-
plexity to improve performance: pump-fed motors
improve in effectiveness at higher total mission ∆V .
Modern manufacturing techniques like 3D printing
allow the production of intricate parts like tur-
bopump rotors and stators that would previously
have complicated machining or casting processes and
raised costs.

3.2 Low Materials Cost

Since Vertical Limit Labs aims to develop and launch
satellites on amateur budgets, materials costs should

be kept to absolute minimums. Although 3D print-
ing of metals allows intricate fabrication, it is typ-
ically substantially more expensive and often less-
strong than other, time-tested assembly methods
(brazing, welding, forging, machining, casting). This
objective balances with the goal of high performance,
but in many cases higher performance can result in
lower overall costs due to increased efficiency.

3.3 Distributed Manufacturing

If at all possible, designs should be able to be assem-
bled in a well-equipped garage or shop with a combi-
nation of off-the-shelf commercial materials and spe-
cialized components created with standard processes
(CNC machining, DMLS, and 3D-printing).

For a truly open-source design, there should also
exist a test plan for the manufactured articles. Com-
ponents fabricated in globally disparate shops must
be verified to perform similarly before flight can be
considered safe. If possible, this process should not
involve additional specialized tooling. Where at all
possible, components should fail safely and shut-
down.
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