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INTRODUCT ION

There are numerous advantages to the use of
liquid propellants in maneuvering spacecraft.
However, the motion of the tiquid propellant can
result in forces that tend to disturb the motion of
the spacecraft. These forces can be modified by tank
design, or accounted for by the active spacecraft-
control system. Under some circumstances, fluid
dynamic forces can even lead to unstable motion of the

spacecratt (1).

The motion of the fluid, and therefore the
resulting forces, can rarely be predicted by analytic
methods, particularly when the tank geometry is
complex, the fluid is bounded by a free surfece, or
realistic tank motions are considered. It is,
however, currently practical to predict these fluid
motions, forces, and moments by numerical simulation.

Building on the two-dimenslonal SOLA-YOF program
(2), we have written a three-dimensional computer
simulation program, HYDR-3D (3), that handles a wide
variety of ftluid dynamic problems.

In this paper we shall briefly describe HYDR-3D
and summarize its applications to propellant slosh

problems.

METHODOLOGY

HYDR-3D is an extension of the well known SOLA
(4) algorithm to flows in three dimensions containing
free surfaces. The Navier-Stokes equations with
variable viscosity are solved by a semi~implicit,
tinite-ditference algorithm. First order space and
time diftferencing were used in all the calculations
presented in this paper, although a second order
option is available. The calculations were performed
in Cartesian geometry using variable~size mesh cells
and partial area and volume blockages to model curved
tanks and internal baffles. Arbitrary motion of the
computational grid is easily specified in HYDR-3D,
allowing analysis of spinning, coning, and
accelerating spacecraft. The VOF (5) algorithm is
used to track the motion of arbitrary free surfaces
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including bubbles, droplets and breaking waves.

APPLICATIONS

We describe three applications of HYDR-3D to
sloshing problems: a spherical tank in a gravitational
field, a spin-stabilized spherical tank in coning
motion, and a 90° turning maneuver of an odd-shaped
tank containing a complex set of baffles.

SHAKING SPHERE .

The accuracy of HYDR-3D for sloshing problems has
been investigated by comparison with a |lnear analytic
result for small amp!litude sloshing in a spherical
tank shaken In a gravitational field (6). A sphere,
which is 50 cm in radius, Is half filled with fluid
and shakes horizontally in a normal gravitational
field with the acceleration

ul(t) = 0.792 sin(5.3851) .

Although this frequency Is near resonance, the flow
remains in excellent agreement with |inear theory as
seen in Fig. 1. The calculated results presented in
the figure were obtained using the partial area/volume
blockages in a Cartesian mesh of rectanguiar cells to
define the sphere.

SPIN-STABILIZED APPLICATION

HYDR-3D was applied to the analysis of a spin-
stabilized system with spherical propellant tanks (7).
Because the angular momentum of the spacecratt will
not be in exact alignment with the principal axis of
inertia, its motion will consist of a precession, or
"coning" about the angular momentum vector, as well as
spinning about the principal axis. Coning has two
critical effects. First, it can lead to unstable
spacecraft motion if the fluid-generated forces tend
to increasse the angle between the angular-momentum
vector and the principal axis. Second, energy
dissipation is enhanced by the fluid motion induced in
propel lant tanks. Both of these effects require
control system action (through thrusters). Thrust
requirements must be analyzed to estimate control
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Fig. 1. Spherigal Tank Surface Height Comparison

system fuel consumption.

Because the spacecraft contains four propellant
tanks, direct use of calculated forces for a single
tank is difficult. Therefore, calculations were used
to parameterize an equivalent mechanical model
(consisting of two simple pendulums) for propellant
sloshing forces. Four mechanical models can then be
coupled with the control system algorithm to study
system stability and propellant consumption.

Centrifugal force tends to keep the propellant
surface smooth for spin-stabilized spacecraft,
therefore a simpler free surface treatment (4) was
used for these calculations. Calculations showed that
+wo modes of propel lant sloshing require different
pendulum parameters. This occurs because the
equilibrium surface generated under the influence of
centrifugal force is a cylinder centered at the axis

TABLE |

NON SPINNING FIRST SECOND

SPHERES PENDULUM PENDULUM

FILL FRACTIONS £/ m/mg &0 m/mp  &/D  m/mp
0.25 0.38 0.74 0.44 0.55 0.45 0.55

0.50 0.30 0.57 0.41 0.32 0.44 0.29

0.75 0.24 0.38 0.33 0.20 0.35 0.11

0.93 0.14 0.18 0.24 0.12 0.26 0.06
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Comparison

of rotation. Therefore, disturbances along the

axis of the cylinder behave differently from
disturbances In the perpendicular direction, as can be
seen in Table |. Both pendulum modes also differ
somewhat from that observed in a spherical tank in a
gravitational field. The resonance slosh predicted,
based on this mechanical model, was also observed
calculationally and experimentally (8).

THREE-AXIS STABILIZED APPLICATION

Three-axis stabilized spacecraft do not have
effective gravitational forces to |imit the motion of
propellants during maneuvers; their analyslis,
therefore, requires the full capabilities of HYDR-3D.
Low gravity tests made in an aircraft in a parabolic
trajectory were simulated using HYDR-3D (9). The test
tank was of complex shape with several internal
baffles. In nearly zero-gravity conditions, the test
tank was rotated by 90° in 3 seconds and the forces
exerted on the tank were recorded. Figure 2 compares
the measured and calculated force In the
circumferential direction. (The large amplitude
oscillations in the measured force are thought to be a
result of structural vibrations in the test
apparatus.) Coupled calculations of HYDR-3D and 2
rigid-body spacecraft model aré now being performed at
Rockwell International to determine the efficacy of
internal baffles.
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NOMENCLATURE
D Sphere Diameter
£ Effective Pendulum Length
m Effective Pendulum Mass
my Actual Fluld Mass

+ Time

v Acceleration in the x-direction
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