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Abstract. Returnable sub-orbital or orbital platforms need measurement conditions
improvement and safe recovery system. To improve microgravity environment and to
minimize flight loads of such vehicles a stable platform motion is desired. The lateral load
determination during re-entry makes necessary to ssimulate the platform rotation around its
center of gravity. This work discusses the modeling aspects of the platform separation from
rocket booster and its lateral rotation (pitch and yaw planes) in a sub-orbital flight. The
programs for the simulation of rotation are suggested. An analysis of the sub-orbital
trajectory for the recoverable platform SARA was conducted. The simulation gives detailed
information on the microgravity during the flight in the outer atmosphere. It has been shown
that the application of a special restrainer during the platform separation from booster can
improve the microgravity environment. The platform rotation at high altitudes can cause
oscillation with a long settling time. High lateral components of aerodynamic forces can
occur due to great amplitudes of the angle of attack during the platform deceleration in the
lower atmosphere. The platform orientation and rotation at parachute opening moment have
been determined. Dynamics simulation of the platform with some parachutes during the
system descent is presented.
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1. INTRODUCTION

Future space exploration exhibits a significant demand for return of materials processed
in space and quick access to the samples by users, which can be best accomplished by
recoverable platforms. The process of design of such vehicles needs the development of
models and numerical techniques to predict platform dynamics during the system motion.

A good concept and design lead to maximization of performance and, consequently, to
weight minimization of the complete system, which is of great importance for space systems
(Deweese, Schultz & Nutt, 1978, Yaroshevsky, 1988). The recoverable platform technology
was benefited from rapid improvement in the rigor of modeling of processes and analytical
methods of calculation made possible and practical by development of complex and flexible
computer programs. While dynamics simulation are till of major importance to the design
process, the facility with which system and component designs can be executed and analyzed,
their performance predicted, and test data reduced and evaluated has both speeded the design
process and improved depth and quality of results. A number of different programs for
dynamics simulation of such systems are developed now in great detail (Rysev etc., 1994,
Moraes, 1998, Koldaev etc., 1999).



2. RECOVERABLE SUB-ORBITAL VEHICLE

An orbital platform will be used to perform microgravity experiments in orbit (Moraes,
1998), and its recovery must be safe and soft, in order to protect the payload from high water
or ground impact. Figure 1 shows schematically the procedure of sub-orbital flight, re-entry in
the earth atmosphere and sea splash down of such platform.
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Figure 1 — Flight of the recoverable platform SARA Sub-orbital

The specification for the altitude of the platform separation depends on the booster
burning time and conditions of experiments. For platform SARA Sub-orbital (Fazolli, 1999),
the separation from the booster takes place at the altitude of approximately 125 km beyond
the atmosphere boundary, where the aerodynamics influence is absent. The platform
acceleration due to lateral rotation during the sub-orbital flight at altitudes H > 100 km must
be kept very small in order to realize a good microgravity environment.

During re-entry in the atmosphere, the platform is stabilized with great values of axia
and lateral accelerations. After re-entry, the capsule shaped platform will decelerate to
subsonic velocities. At 6 km altitude, the velocity of the platform is approximately 120 — 140
m/s, so that the recovery system, based on drag and main parachutes, can be put in action,
bringing in this way the platform to sea surface with velocity of approximately 10 m/s
(Moraes, 1998).

3. MODELING OF PLATFORM SEPARATION

Unrestricted motion of the platform out of atmosphere starts after its separation from the
boogter (Figure 1). Within this, the lateral rotation intensity and the corresponding centripetal
acceleration are determined by the repulsion impulse asymmetry, which depends on the
separation equipment design. Usually, such a mechanism consists of pyrotechnic actuators,



which, at the moment of putting them into action, releases the springs, located along the joint
outline of the platform with the booster. The last ones are pushed apart with the help of spring
pins (Figure 2a).
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Figure 2 — Separation dynamics of SARA Sub-orbital platform from rocket booster

As it is impossible to obtain absolute simultaneity and symmetry of the pyrotechnic
actuators operating and the spring release, then, the platform skewing with the offset xo is
possible. Offset value xo can be limited with the help of a guide mechanism (if it possible) and
isused as the initial condition parameter for the spring action.

Distance y; is determined by the platform design and can be taken as a constant value
during separation. For the outer atmosphere motion, the equations of rotation during the
platform separation have the form

m, dx/dt?= Y F, j=1,2 3..N (1)
m, dy/d? = - F;, j=1,2 3...N 2
Jodopldt= Y F y;, j=1,23,...N ©)
Jodopldt=->F vy, j=123,..N (4)

where X, andx,  displacements of platform and booster from initial point, m
Vi distance from platform surface XOZ to actuator (Fig. 2a), m
Jp and J,  inertiamoment of platform and booster, kg m°
wpand wp  rotation rate of platform and booster, rad/s
N number of actuators.
One can determine the angles of orientation (Fig. 2b), in the form of the finite differences

Opir1 = api + Wi AL+ (deogi [dt) AP [2 )



Opi+1= O pi + Wpi AL + (doyi /dt) AP 2 (6)

where apand a, angles of platform and booster orientation, m.
If one takes x;-1 = O for neighboring points of platform and booster, then, it is possible to
write the parameters of initial position as

Xp(0) = R sin ap
Xp(0) = R sin ap @)
Xp = 2R sin (ap + op)

where R radiusof platform, m.
The spring forces, Fj, depend on the displacement x; during the relative motion and
rotation of the platform and the booster. The value F; (Fig. 2a), can be determined as

Fj= K (Xmax= %) = Fmax (1 - % /Xmax) (8)

where Kk spring ratio, N/m
Frmax 1nitial (maximum) spring force, N
Xmax Maximum spring compression, m.
Displacement of the contact points in the case of small turning depends on relative
displacement and orientations of the platform and booster

X = Xp+ Xo+ Y sint (0tp+ aup) (9)

Due to sequence of events, which the mathematical modeling intends to capture, an
explicit method of solution of the equations (1)-(4) was chosen. Multistep-method type was
used for the temporary discretization. This allows to control easily the size of the step in the
time level. Temporary integration of the equations is calculated in the known way (Babuska et
all, 1966).

The calculation of SARA platform rotation during its separation from the boogter of
vehicle VS-40 with use of SEPAR program has been done for parameters R = 0.5 m,
My =215Kkg, Jp = 225 kg m?, N = 12, Frax = 410 N, Xerax = 27 MM, Xm = 25 mm, m, = 178.5 kg,
Jp = 51.75 kgm? with initial conditions: ax(0) = 0, wK(0) = 0, dxu/dt(0) = 0, wp(0) = O,
dxy/dt(0) = 0. The result of calculation versus initial platform offset is shown in Fig. 3.
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Figure 3 — Platform rotation after separation from rocket booster



As one can see, the rotation rate has its maximum value w, = 0.114 rad/s, when the
platform initial offset is 30 - 40 mm or skewing is of ~1.7 - 2.3°. For values X > 40 mm, the
platform rotation decreases because of the springs pusher behavior decrease. This value
(wp = 0.114 rad/s) cannot be admitted for microgravity experiments (see charter 5). Hence, it
iS necessary to use a special guide during the platform separation or a restrainer after
separation.

4. SIMULATION OF RESTRAINER OPERATING

The restrainer consists of a shredding cord with length |r. The ends of the cord (Fig. 2¢)
are fixed on the platform (point A) and on the booster (point B). After the platform separation,
the cord is tired apart, creating in this way a stabilizing force, Figure 2c, with relatively
constant value Fr . The platform motion during the restrainer operating can be written in the
form

m, d* %, / dt®= -Fg (10)
Jpd wpl dt = Frlrsin ap (1)

The simulation of the restrainer operating for SARA platform with use of RESTR
program is calculated for initial flight parameters, obtained in SEPAR program calculation:
wp(0) = 0.114 radls, wp(0) = 0.48 rad/s dxy/dt(0)= 0,3 m/s, dx/dt(0) = 0,32 nvs,
ap(0) = 0.038 rad, a,(0) = 0.018 rad, xp(0) = 12 mm, X,(0) = 13 mm. The result of the platform
dynamic calculation, during the restrainer operating, for length Ir= 10 mand Fr = 10 N is
shown in Fig. 4.

[e2]
o

0,12

@
(]
. o1 \ 5 /
g \ S 45 /
~ 0,08 3]
c ! I
5 \ g
= <
£ 006 < 20 /
B \ ©
S 004 g
s \ £ 15
£ =
5 0,02 \ o /
k= <
= o
o 0 0
120000 140000 160000 180000 200000 120000 140000 160000 180000 200000
Platform flight altitude (m) Platform flight altitude (m)

Figure 4 — Simulation of platform stabilization due to use of restrainer

During SARA platform flight from altitude of 125 km up to 140 km, its lateral rotation
reduces from 0.114 rad/s up to 0.0153 rad/s (Fig.4). When the restrainer operating finishes,
the platform rotation is constant.

5. MICROGRAVITY ENVIRONMENT

One can determine the platform rotation value for microgravity experiments during its
outer atmosphere flight, asit is possible to calculate the dimensionless centripetal acceleration
Gm (Fig. 5).
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Figure 5 — Scheme of microgravity load in the platform experiment box
Gm = am/g = lm /g (12)

where an centripetal acceleration, m/s*
Im  maximum distance from platform centre of gravity to experiment equipment, m
g  gravity acceleration, m/s’.
Figure 6 shows the calculation results of microgravity load for SARA platform as the
function of dimensionless acceleration Gn, versus initial platform angle of offset
ao = arctg (Xo/2R) for distance l,= 0.4 m.
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Figure 6 — Microgravity load in the experiment box during the flight in the outer atmosphere

As follows from Fig. 6, in order to guaranty value G, < 10™ without restrainer, it is
necessary to provide the platform initial angle o < 0.25° and for Gn < 10™ the angle ap < 0.9°.
If the platform offset angle is oo ~ 2° it is possible the maximum microgravity level of
Gm> 0.4 10° (Fig. 6).

With the use of the restrainer for SARA platform, the maximum value of microgravity
dimensionless acceleration is Gy, = 10° (for rate of rotation w, = 0. 0153 rad/s). For restrainer
force Fr = 40 N it is possible to reduce the platform rate of rotation up to wp ~ 0.005 rad/s
and, correspondingly, from formula (12), the reducing of microgravity level up to Gp, ~ 10°°.



6. ATMOSPHERIC RE-ENTRY

At the beginning of the atmospheric re-entry, at altitudes of approximately from 100 km
up to 50 km it is possible to ignore the forces and moments caused by the platform rotation
because of insignificant, in aerodynamic sense, values of the rotation rate and air density.
Hence, in this case, the dynamics of the platform deceleration and rotation around its centre of
gravity can be written (Koldaev, Guimaraes & Moraes, 1999)

my dVp/dt = my g sin 6 - Co(og, M) m R p(H) V212 (13)

Jp do/dt = Confap, M) w R? 1 p(H) V12 (14)

do/dt = -g cos0 /V, (25)
where V, platform velocity, n/s

p(H)  air density, kg/m®
R platform radius, m
I platform characteristics length, m
Co platform drag coefficient
Cm platform moment coefficient
0 angle of trajectory, rad.
Air density versus flight altitude can approximately be calculated as, (Yaroshevskiy,
1988)

p(H) = poe " (16)
where H* characteristic altitude (usually H* =45 km), m
0 air density at characteristic altitude, kg/m®
Y atmosphere parameter, 1/m.

Values of coefficients Cp and C,, are thought to be given as function of theplatform angle
of attack and Mach number of flight M = V, /o(H), where a(H) is the sound velocity versus
flight altitude. In the case when op is small and M < 1, then, the moment coefficients of the
platform can be determined

Crn(0p) = (dCy/dap) op (Xpr - Xc)/1 17)
where C, lateral force coefficient
Xor position of the center of pressure from platform nose, m
Xe position of center of gravity, m

For large values of ap and Mach number, the coefficients Cp and C, one can calculate
with the help of the known method for axisymmetric bodies, (Krasnov, 1989).
The flight dynamics of SARA platform at altitudes from 100 km up to 50 km is simulated
by use of ENTRY program for rate of rotation wp, = 0.0153 rad/s, dCyda, = 1.25,
(Xor - %) =0.363mand | =1.75m.
Figure 7 shows the simulation of the platform turning during its descent in the upper
atmosphere with initial angles of attack 60°, 120° and 180°.
As one can seg, in the course of the platform descent from altitude of 96 km during
maximum 25-30 s the lateral rotation is transformed into the platform oscillation.



The oscillation amplitude has values from 10° up to 90° and depends on the initial angle
of attack at the moment of the platform re-entry in the atmosphere (Fig. 7).
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Figure 7 — Simulation of platform flight dynamics at altitudes 96-50 km

7. PLATFORM STABILIZATIONIN LOWER ATMOSPHERE

In the lower atmosphere the influence of the platform rotation over its dynamics is
considerable. In this case the equation for the platform angle of attack takes the form

Jp Pty /0t = [Crn(ap, wp, M) + (dCin /dewpy) doxy /dt] 7 R? 1 p(H) V22 (18)
For the dimensionless rotation
(dC/dwp) = (dmy O*) 1V, O = wp IV, (19)

The solution of equation (18) for the limited oscillation amplitude with constant angle of
trajectory 0 (Yaroshevskiy, 1988), is

00 = pNo (4 Jp /(2 Sn°0 Co p w RZ 1) &P
B = p = R? (dCy/day, - Cp - (ACw/dO* my 1%/ Jp)/(4 y myp sin) (20)

If one takes platform velocity, Vo, as the solution of equation (13) for equation (20) and
angle 6 from equation (13), it is possible to approximately determine the value of amplitude
ap for each step of motion (program STAB).

Figure 8 shows the dynamics of SARA platform stabilization during its descent from
altitude of 50 km up to 6 km with initial amplitude of platform oscillation a, calculed with the
help of the ENTRY program.

As it follows from Fig. 8, the time of platform stabilization for the moment coefficient
derivative dmy/d0*, = 0.1 is not more than 60 s.



So, in the absence of wind influence, at the moment of the parachute system deployment
the SARA platform has a guaranteed stable motion with angle of attack not more than 10°.
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Figure 8 — Simulation of platform flight dynamics at atitudes 50 - 6 km

The function of lateral acceleration of the platform, G;, versus time, given in Fig. 9, was
calculated using the formula

Gi = Cyfop) 7 R® p(H) V"1 29 (21)
6 dmz/dO*z=0,1
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Figure 9 — Calculation of platform lateral acceleration at atitudes 50 - 6 km

The significant value of G, > 59 is explained by the presence of great angles of attack
during the acting of maximum dynamic pressure (p sz 12) max..

8. FLIGHT DYNAMICSOF PLATFORM WITH PARACHUTE

The recovery system deployment and the platform flight with the parachute take place at
subsonic velocity with relatively small angles of attack. Within this, the aerodynamic
characteristics of the platform and the parachutes do not depend on Mach number. The system
dynamics is described by equations analogous to (13) — (15) with the supplement of parachute
force and moment (Koldaev, Guimaraes & Moraes, 1999).

The program TRAJDIN for the solution of these equations is available to do it. The
dynamics simulation of SARA platform-parachute system is done for the following
parameters. initial velocity Vo = 135 mis, oo = 10°, @ = 90°, Cp, = 0.55, § = 4 n¥,
Ho = 6 km, Cpp = 0.8, S, = 40n?, H, = 4.5 km. The result of the system dynamics at altitudes
from 6 km up to O km is presented in Fig. 10. During 27 s the platform with the drag
parachute decelerates to a velocity of 45 n/s. After the main parachute opening at atitude Hy,
= 4.5 km, the system velocity is reduced up to 10 - 12 nvs.

One should taken into account the small initial angle of attack and the great value of
parachute moment, acting over the platform, and the time of the system stabilization is not
morethan 5 s.
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Figure 10 — Dynamics of SARA platform with parachutes (Program TRAJDIN)
8. CONCLUSION

The recoverable platform dynamics during its separation from the last rocket booger,
sub-orbital flight, atmosphere re-entry, stabilization and descent with parachute have been
modeled and simulated.

The application of VS-40 actuators for SARA platform separation can cause the rotation
value, which is non-approved for microgravity experiments.

Use of a simple restrainer after the separation reduces significantly the platform rotation
and guarantees microgravity environment during the sub-orbital flight.

The great angles of attack during re-entry during the platform stabilization in the
atmosphere can cause significant lateral acceleration.

Use of drag and main parachutes provide stabilization and deceleration of the platform
with the required parameters.
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