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Abstract

The Brazilian Microsatellite Launch Vehicle (VLM) is a three-stage launcher, whose motor cases for first and
second stages are manufactured by using filament-winding technique (carbon fiber). This vehicle is under
development in the Institute of Aeronautics and Space - Brazil. In this project, the staging of the first
stage during the atmospheric phase of fight (about 25km) is a critical issue that plays an important role of
interest. At this altitude, the VLM is still under effect of non-negligible aerodynamic loads and, in the case
of cold separation, the loss of control or re-contact between jettisoned part and the main body of the vehicle
can occur. In the last years, methods based on CFD has been applied in the stage separation analyzes.
However, these methods present high computational cost and consume a lot of time to process sensibility
analyzes or Monte Carlo method due high number of cases to process. As a consequence of the problems
addressed before, the main purpose of this paper is to discuss, model and analyze the atmospheric staging of
the VLM considering hot separation and uncertainties and variations in the vehicle mass properties, inertia
matrix, thrust rise time and TVC deviation. In order to achieve the purpose of this study, it is developed
a 6-DoF mathematical model to simulate two body interactions during a hot separation process, by using a
modified analytical technique for predicting the plume impingement force during tandem stage separation,
including the reversed flow effects. Preliminary studies have shown good results in absence of uncertainties.
By applying this new approach it is expected a fast and reliable methodology for hot separation analyzes.
Keywords: VLM, Staging, Monte Carlo, Flight Dynamics.

Nomenclature
C Mg Center of mass of the body B M Mass
P,  Thrust application point I Inertia matrix
7,  Tolerance on CM and P, positions R, ,Body B nose tip position
7r  Percentile tolerance on thrust value Cpr Rotation matrix from Bto T
71 Percentile tolerance on inertia moment values 7 Poisson ratio at the exit section
3 Exclusion angle M, Mach number at the exit section
dmin Minimal distance between the border M., Jet momentum

and the nozzle axis Ry Lower stage dome radius
t Time Fjee Jet force intensity
R,,, ,Position vector of the body B P,  Central point of the exit section
fg  Pitch angle P,  Central point of the lower stage dome
g Yaw angle Pi  Jet force application point
op Roll angle Xz Distance between P, and Py
V., »Velocity vector of B relatively to T frame Ras Vector from CMs to Py

W gAngular velocity of B relatively to T frame Rys sVector from CMs to Py @ S frame
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1. Introduction

The VLM project is a cooperation between Insti-
tute of Aeronautics and Space (IAE) and German
Aerospace Center (DLR) to develop and construct
launch vehicles envisioning the market of micro-
satellites. This project has been developed since 2012
when its application in a re-entrv experiment was pro-
posed [1].

The VLM-1 is one of the vehicles to be developed
in the VLM project. It is a controlled launch vehicle
constituted of three stages in tandem configuration.
The 1** and 2™ are planed to use the motor S50
under development and the 3™ stage shall use the
S44 motor, already developed. The vehicle attitude
control during the flight of the first and second stages
is based on Thrust Vectored Action (TVA).

Only the separation of the first stage is analyzed
on this work, what means, three bodies are critical for
the analysis. They are: the complete vehicle, the jet-
tisoned stage and the vehicle that continues after the
separation. The nomenclature and simbology pro-
posed by [2] are adopted in this study as seen in the
Fig. 1.

Complese vehicle (C)

Main vehicke (M)

Jettisonexd stage (S)

Fig. 1: VLM-1, its parts and nomenclature pro-
posed. Figure adapted from [1].

After the launching, the VLM-1 will fly in atmo-
sphere until the first stage burn-out, so then the stag-
ing starts. Thus, considering previous studies on
staging, as [3] and [4], the analyzes presented here
focuses on two main problems: The first one, a verify
if the jet is able to push the jettisoned and, the second
one, in which situations there is risk of collision.

The idea behind of these analvzes is to assess the
reliability of the separation process considering sev-
eral uncertainties inherent to the real vehicle. There
are uncertainties on the position of the center of mass
(CM ) and thrust application point (/) of of all bod-
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ies which take part on the staging. There are, also,
uncertainties on the thrust values and in the inertia
moments.

These set of uncertainties were identified as criti-
cal for the relative rotation between the main vehi-
cle and the jettisoned stage during the staging. The
variation on CM and P, positions result additional
torques that are also influenced by the thrust varia-
tion. The inertia moment variation results in varia-
tion on angular velocity.

Taking into account only the translational effects,
the thrust is the most intense force in separation and
is also linked with the intensity of the jet force. When
the trust varies, relative translation between both
bodies varies intensively.

The first stage separation analysis shall consider
the reference trajectory and vehicle configuration de-
fined in [5|. The separation occurs around altitude
of 25 km and Mach number of 2. Accordingly [4],
VLM-1 separation process is classified as fire-in-the-
role separation, also known as hot-separation. In this
case, the jettisoned stage is pushed out by the jet
ejected from the nozzle of the second stage.

To deal with this complex problem, a specific code

ras developed to process the equations of motion of
the two bodies, considering a mathematical model for
nozzle jet [5, 6]. The jet model is a modified version
of the propose of [7] that includes the effect of relative
lateral motion and rotation on the application of jet
force.

The work will provide the dynamic analyzes of
VLM hot separation, which allows a useful way for
evaluating the effect of constructive uncertainties on
the process and supports the vehicle design. This
evaluation is made with the use of the Monte Carlo
method. Several numerical results will complete the
work.

This paper is organized as follow: 1. Introduction
with a brief description of the work; 2. Presentation
of the vehicle dynamic model; 3. Presentation of the
jet force model; 4. Collision assessment; 5. Presen-
tation of the Monte Carlo method; 6. Convergence
analysis and simulation; 7. Discussion of results ob-
tained; and 8. Conclusion.

2. Vehicle model

During the staging the main vehicle and the jetti-
soned stage are simulated, however the complete ve-
hicle flight from lift-off until the separation is also
simulated. The reason is that uncertainties affects
its flight and influences the initial conditions on the
separation process. Thus three bodies must be sim-
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