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1. INTRODUCTION

Background

Current and future space exploration missions will utilize spacecraft with a large fuel-to-dry-mass ratio.
Large amounts of liquid propellant can lead to significant coupling between the rigid-body dynamics of
the spacecraft and the motion of the fuel within its storage tank(s).

Of particular interest for this study are the spacecraft-propellant interactions that take place in a low-g
environment. In short, small relative accelerations between the spacecraft and its liquid propellants
characterize a low-g environment [1, 2].

There are many ways this interaction can negatively affect system level requirements and mission
success. For example, during Apollo missions 8, 10, and 11, the service module (SM) separated from the
command module prior to Earth reentry [3, 4]. Crew members onboard the command module observed
the jettisoned SM tumbling through their field of view despite the fact that the jettison maneuver was
planned in such a way that the service module should have never done so [4]. This potentially
catastrophic, unintended retrograde motion is attributed to the gross reorientation of the residual
propellant inside the tanks of the SM [3, 4].

Modeling Strategies

Analyzing the complex interaction between a spacecraft and propellant in a low-g environment is a
complicated undertaking and active area of research. Examples of approaches taken to modeling this
interaction include

e a particle model [4],
e a spring-restrained pendulum [2],

o computational fluid dynamics.

Each modeling methodology has its various trade-offs which must be considered such as tractability and
simplicity. The particle model from Ref. [4] appears to be successful in simulating the general motion of
the residual propellant inside the tanks and reproducing the observed retrograde motion from Apollo
missions 8, 10, and 11. The model desribed in Ref. [4] is used as a framework for the work presented
here.

State of the Art

References [4, 5, 8—10] describe modeling approaches based on the particle model. References [8, 9]
utilize a sphere of varying radius as opposed to an infinitesimal particle inside a spherical cavity to model
the propellant. References [5, 10] utilizes a particle like Ref. [4], however, the constraint surface that the
particle moves within has geometry based on the behavior of the propellant in a one-g environment
instead of the geometry of the storage tank.



Motivation

An accurate low-g slosh and spacecraft dynamics model that can run in real time or faster has many space
guidance, navigation, and control applications such as

« assessing degradation of handling qualities in the presence of low-g slosh dynamics during manual
rendezvous proximity operations and docking events,

e improving accuracy of the representation of the dynamics in a spacecraft attitude navigation filter,

« quickly assessing jettison maneuvers to avoid recontact as demonstrated in Refs. [4, 5].

Contribution

The novel contribution of this work is the development of a generalized framework for rapidly analyzing
spacecraft-propellant interactions in a low-g environment. The methodology closely follows the particle
modeling approach described in Ref. [4] with some additional enhancements—heritage and analytical
tractability being the top motivating factors. The authors of this work correct the mistakes found in Ref.
[4] and apply the principles of impulse and momentum as a more rigorous approach to the collision
dynamics.

Section 2 discusses the dynamics modeled in Ref. [4] and points out the mistakes and unmodeled
dynamics discovered upon review. Section 3 contains an overview of the simulation framework and
results from an example. Conclusions are presented in Section 4.



3A. SIMULATION FLOW
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Fig. 2. Block diagram of simulation architecture.

Overview

The simulation framework—based upon the considerations discussed in Section 2—has two operating
modes. The Unconstrained Mode is active when the particle moves freely and is not in contact with the
tank wall, whereas the Constrained Mode is utilized when the particle slides along the tank wall. Figure 2
provides a flowchart of the simulation architecture. Reference [16] establishes the framework for the
enforcement and relaxation of constraints implemented in this work.

Initialization

The simulation begins with initial conditions specified by the user. This includes the spacecraft position,
attitude, velocity, and angular velocity, as well as the particle position and velocity. A flag indicating the
mode in which the simulation starts is also initialized. Once the initialization is completed, the simulation
checks the flag to see if the Unconstrained Mode or Constrained Mode should be used.

Unconstrained Mode
The Unconstrained Mode begins by numerically integrating the 9 DOF unconstrained equations of

motion described in Section 2. Simultaneously, it is also continuously checking for a collision between
the tank wall and particle. If there is no collision detected, the simulation continues numerical integration



of the unconstrained equations of motion. Once a collision has been detected, the value of the states
immediately following the collision are computed algebraically using the principles of impulse and
momentum described in Section 2, the flag is set to indicate that the Constrained Mode must be activated,
and the simulation exits the Unconstrained Mode. The simulation then returns to the beginning of the
flowchart where the initial conditions are reset to the values following the collision.

Constrained Mode

The Constrained Mode begins by numerically integrating the 8 DOF constrained equations of motion
described in Section 2. Simultaneously, the normal force between the wall and particle is computed at
each time step. If the normal force is tensile, then a separation occurs. Otherwise, the simulation
continues numerical integration of the states using the constrained equations of motion. Once a separation
has been detected the flag is set to indicate that the Unconstrained Mode must be activated. The
simulation then exits the Constrained Mode and returns to the beginning of the flowchart where the initial
conditions are reset to the states at the time step immediately preceding the separation.

The exchange between the Unconstrained and Constrained Modes continues until the user-specified
terminal simulation time is reached.



3B. NUMERICAL EXAMPLE
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Fig. 3. Comparison between the trajectories of spacecraft with and without fuel slosh (left); motion of the
particle within the tank of the spacecraft with fuel slosh (right).
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Fig. 4a. Three-dimensional time histories of B*.
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Fig. 4b. Projection of Fig. 4a onto the YZ plane. Positive X goes into the figure.

Example Setup

An example is presented that demonstrates simulation capabilities. This notional example involves a
stationary spacecraft with an initial angular velocity and a prescribed open-loop thrust profile lasting 30
seconds. Fig. 1 presents a schematic of the system at t = 0 s for a single case. The simulation is run
multiple times, with varying conditions of the particle. This is done to highlight the effects fuel slosh can
have on the motion of the spacecraft in a low-g environment.

The spacecraft in the simulation has the same mass properties as the service module in Ref. [4], but has
only one domed tank instead of two. The spacecraft is stationary at t = 0 s and has an initial angular
velocity in the x direction of 18 deg/s. The spacecraft follows a thrust profile that begins with the reaction
control system thrusters firing in the negative x direction at t = 0 s; the thrusters shut off at t=15s. The
thruster dynamics are not modeled and the resultant force, E , and moment, % , are applied at B*. The

center of mass of the spacecraft is not located on the x axis, as seen in Fig. 1, which is consistent with the
configuration provided in Ref. [4].

Results



A comparison between a spacecraft with and without the fuel slosh is shown in Fig. 3.

The resulting trajectories can be seen in Fig. 4. Figure 4a shows a three-dimensional view of the time
history of the position of B*. The solid blue line represents the no-slosh case, whereas the dashed red
lines represent cases with various initial positions and velocities of the particle. The initial velocities of
the particle have magnitudes in the range 0 to 11 in/s. Figure 4b shows the projection of the trajectories
onto the YZ plane.

The ensemble of trajectories after 30 seconds shown in Fig. 3b demonstrates the importance of capturing
the interactions between fuel slosh and spacecraft. For the assumed parameters and open-loop thrust
profile, deviations in the final position of B* can be as much as 10 m in magnitude. A review of the
system's energy and momenta verified the validity of the equations of motion. The system's energy
increases when the thrusters are on and conserved when the thrusters are off, provided no collisions
occur. The system experiences discrete energy losses whenever a collision occurs. The system's
translational and angular momenta are conserved when the thrusters are off but are not conserved when
the thrusters are on.



2. DYNAMICAL FEATURES

System Description

The present work bases its modeling methodology on a modified form of the dynamical system found in
Ref. [4]. The main features of this system include

« a spacecraft treated as rigid-body with constant mass and inertia properties,

 asingle cylindrical tank capped with hemispheres tanks referred to as "domed tanks,"

« propellant treated as an infinitisemal particle with mass equal to the residual propellant,
« perfectly inelastic collisions between the particle and tank wall,

o frictionless interactions between the bodies.

Figure 1 presents a schematic of the system where the center of mass of the spacecraft is denoted by
Point B* and the particle is denoted as Point P. Note that Point B* does not necessarily lie along the
centerline of the spacecraft and that the particle is infinitesimal despite the size of Point P,

Fig. 1. Schematic of the spacecraft and particle system.



Equations of Motion

Reference [4] derives the translational and rotational equations of motion of the spacecraft via a Newton-
Euler approach. Subsequently, the translational acceleration of the particle is derived using kinematics.
The derivation of the translational acceleration of the particle contains some errors; specifically, there are
missing terms in Eqns. (10)—(14) of Ref. [4].

These missing terms are a result of an incorrect application of the transport theorem [14, 15]. Consider an
inertial reference frame, Frame 7, body-fixed reference frame, Frame b, and particle tracking reference
frame, Frame e. The transport theorem applied to the angular velocity of Frame b relative to Frame i is
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Missing

The crucial transport term is left out of Ref. [4] resulting in the omission of the term labeled as
-eh Y
"Missing." It appears the authors of Ref. [4] simply set g e g 5" and did not account for the fact

that Frame e can rotate relative to Frame b. This mistake results in incorrect equations of motion of the
particle and effects that permeate throughout the entire model.

Constraints

When the particle is moving along the tank wall, a kinematic constraint is enforced to keep it from
passing through the tank wall and the number of degrees of freedom (DOF) are reduced from 9 DOF to 8
DOF.

Collision Dynamics

A collision occurs when the particle makes initial contact with the tank wall. The collision
implementation described in Ref. [4] involves first solving the constrained kinematic equation for the
acceleration of the particle at the moment of the collision. Using the result from the first step,

normal forces having equal magnitudes and opposite directions are computed and applied to the
spacecraft and particle. The consequences of the mistake in the equations of motion manifest here. Since
the first step involves solving the equations of motion, the resulting forces are incorrect.

There is no evidence in Ref. [4] that the principles of impulse and momentum were considered for the
full scope of the DOF involved. Therefore, it is unclear whether the behavior of the system would be
accurate even with correct equations. These principles are applied in this work and can be found in Refs.
[14, 15].

The corresponding paper contains a complete description of the dynamics discussed here and the
audience is encouraged to read it for more information.



4. CONCLUSIONS

Conclusions

A framework for predicting the complex interactions between fuel slosh and spacecraft in a low-g
environment is described in this paper along with historical context. The study is motivated by the
methodology developed during Project Apollo as engineers sought to predict the unintended retrograde
motion displayed by the service module following separation from the command module, prior to Earth
reentry. Detailed contractor reports of the simulation are lost; thus, in this work, the authors were able to
recreate the system dynamics from first principles based on the limited information provided in Ref. [4].
Along the way, several mistakes were identified in Ref. [4] and presented here. The contemporary
simulation flowchart is discussed and results from an example application are presented. Results
highlight the effects liquid propellant can have on the gross motion of a spacecraft in a low-g
environment. The simulation framework presented in this study serves as a platform for analyzing the
underlying dynamics behind that complex interaction.

Contact information of the authors is provided with this iPoster. Please reach out if there are any
questions or discussions to be had.
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ABSTRACT

The fuel-to-dry-mass ratio of spacecraft continues to grow as new human spaceflight missions target
destinations afrom Earth. Large amounts of liquid propellant can lead to significant coupling between the
rigid-body dynamics of the spacecraft and the motion of the fuel within its storage tank. The present work
gives an overview of the dynamic features and a flowchart for a method of simulating the motion of a
spacecraft with fuel slosh inside a cylindrical, domed tank in a low-g environment. The method involves
modeling the liquid propellant as a particle that transfers momentum to the spacecraft through perfectly
inelastic collisions with the tank wall. The foundation of the modeling methodology is the approach taken
during the Apollo program used to predict the effect of fuel slosh on the complex motion exhibited by the
Service Module following separation from the Crew Module. This paper discusses the motivation,
methodology, and conclusions from the Apollo-era method, and subsequently builds upon it by incorporating
corrections to the derivation of the dynamics and filling in the gaps due to unavailability of the detailed
contractor report and simulation code. The results presented in this paper provide an example that
demonstrates the effect that fuel slosh can have on the trajectory of a spacecraft in a low-g environment.
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