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Flight Simulation of a Vehicle with a
Two-Stage Parachute System

P.R. Schatzle* and W.H. Curryf
Sandia Laboratories, Albuquerque, N.M.

Nomenclature
F = applied force, N
7 .̂ = roll inertia about x axis, kg-m2

lyy = pitch and yaw inertia about y and z axes, kg-
m2

/ = distance from forebody base to parachute
center of mass, m

m = mass, kg
M — applied moment, N-m
p,q,r = angular velocity components, rad/s
u, vy w = linear velocity components, m/s
x,y, z = Cartesian coordinates
x = distance between forebody center of mass

and forebody base, m
7i >72>y3 = trigonometric functions of parachute

rotation angles
6,\l/,<p = forebody rotation angles relative to inertial

space, rad
a,77,£ = parachute rotation angles relative to

forebody, rad

Subscripts

F = forebody
/ = inertial reference frame
P = parachute
x,y,z = vector components

tuated prior to lifting parachute deployment, keeps the system
properly oriented to maximize altitude gain and minimize
lateral dispersion. The sequence of events from release to
impact is shown in Fig. 1.

Certain coordinate systems were utilized in the
mathematical modeling. The inertial coordinate system
(x,y,z)i has its origin fixed in space at the location occupied by
the forebody center of mass at the time of first-stage
parachute line stretch. The positive z/ axis is directed toward
the center of the Earth. The (x,y,z)F coordinate system is fixed
at and moves with the forebody center of mass. The in-
stantaneous angular position of (x,y,z)F relative to (xty,z)/ is
given by the ordered rotation sequence of pitch, yaw, and roll
(0,\l/,<f>) about the forebody center of mass. The origin of the
(x»ytz)p system is located at the geometric center of the base
of the forebody, and the xp axis is coincident with the
parachute longitudinal centerline. The (x,y,z)P axis system is
permanently aligned with the parachute such that the coor-
dinate axes and the canopy pivot as a unit about the base of
the forebody. The angular orientation of (x,y,z)P with respect
to (x,y,z)F is given by the ordered rotation sequence of yaw,
negative pitch, and roll (o, — 77, £) about the base of the
forebody.

Kinematic consideration of these axis systems gives the
following equations of motion for the forebody-parachute
combination. The components of forebody acceleration along
and about the (x,y,z)F axes are, respectively:
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The translational acceleration of the parachute is also
expressed in the (x,y,z)F system, while the angular ac-
celeration is written about the (x,y,z)P axes. If it is assumed
that the relative longitudinal acceleration between the two
bodies is small, the equations of motion for the parachute
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Fig. 1 Sequence of events in la yd own delivery.
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Fig. 2 System trajectory.
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Equations (1-6) are integrated to give the linear and angular
velocity components of the forebody directly, while Eqs. (7)
and (8) are integrated to give y2 and y3 which are related to a
and rj through the expressions: 77 = -cosacosrj, y2 =
-sinacosr/, and y3 = -simj. Thus, yaw and pitch orientation
of the parachute relative to the forebody are determined, and
integration of Eq. (9) gives the relative roll orientation be-
tween the two bodies.

Supplementary equations required for the mathematical
model include inertial, aerodynamic, and interactive loading
acting on the forebody and parachute; angular and trans-
lational velocity components of the forebody with respect to
inertial space, and the related trajectory information;
parachute total velocity which consists of three parts: the
translational velocity of the forebody, the transport velocity
due to rotation of the forebody reference frame, and the
velocity of the parachute relative to the forebody; dynamic
pressure, aerodynamic angles, and related angular rates for

both bodies; and deployment and inflation characteristics of
the parachute system.

The complexity of the mathematical model coupled with the
desire for quick turn-around indicates that the hybrid com-
puter should be used rather than all-digital or all-analog
machines. The problem is partitioned such that the equations
of motion, forebody attitude, parachute attitude, and system
trajectory are solved on two AD/FIVE analog machines,
while the applied loads and remaining supplementary
equations are solved on a PDF 11/45 digital machine.1 Less
than a minute of running time is required for each parachute
stage, and the time between consecutive runs is usually only a
few minutes. The 12-DOF code SANAF, obtained by
modifying an existing 6-DOF code,2 requires about 30 and 90
min for first- and second-stage simulation, respectively, on
the CDC 6600.

Results of a simulation using the hybrid code were com-
pared with those from the SANAF code and from an actual
flight test. Nominal Mach number at aircraft release was 0.95,
while nominal release height above ground was 60 m. First-
stage parachute line stretch was assumed to occur 0.7 s from
release with second-stage parachute deployment occurring
5.1 s from release. The roll control system was inactive and
both parachutes were unreefed. The inflation characteristics
of both parachutes were obtained from previous similar
flights. The system mass was 1090 kg.

Based on this comparison with both full-scale flight test and
a more complete analytical model, the hybrid computer
model presented in this report appears to be a reasonable
representation of a vehicle with a two-stage parachute system.
Given realistic inflation histories for the parachute system, the
code predicts velocity, dynamic pressure, and axial ac-
celeration histories in close agreement with experiment. The
computed and observed trajectories (Fig. 2) are in reasonably
good agreement during the lifting phase of the flight.
However, the predicted range and maximum altitude exceed
the experimentally obtained values, possibly due to un-
derestimating the drag produced by the second-stage
parachute. The hybrid predictions for the dynamic charac-
teristics of the system agree well with those predicted by the
more rigorous SANAF digital code. Considering the short run
time and quick turn-around available on the hybrid computer,
the hybrid model is a useful tool for parachute design studies.
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