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The NASA Engineering and Safety Center (NESC) sponsored a workshop to discuss low-g slosh. Over a dozen different NASA centers and industry partners participated in this workshop. The main topics were to identify the state of the art regarding test data, Computational Fluid Dynamics (CFD) analysis resources, and GN&C models that are available for this problem. The primary intent was to determine deficiencies in the collective knowledge base and to identify priorities that should be established for proactive work in the areas of model development, validation, and model integration. Recommendations from workshop participants include establishing an online slosh modeling resource, conducting ground/flight testing, developing surrogate models, and establishing co-simulation techniques. This paper summarizes the workshop findings and recommendations for the larger community.
Introduction
High-g slosh is a relatively well-understood problem where substantial analysis and testing efforts were conducted in the early days of rocket technology development in support of liquid-fueled strategic and expendable launch vehicle programs. This effort was motivated by early failures of the Jupiter-C rocket when slosh instabilities resulted in loss of control during flight.1 As a result of this work, a series of dynamic models using simple mechanical analogies such as a pendulum or spring-mass-damper have been developed that provide sufficiently accurate predictions of high-g, low-amplitude slosh behavior to support design and analysis needs in both the frequency and time domain. Due to the nature of the high-g slosh problem it was possible to conduct exhaustive ground testing to anchor these models.2 
In contrast, it is more difficult to perform slosh testing in a low-g environment. Moreover, most models of this phenomenon rely on Computational Fluid Dynamics (CFD), which are complex and require long run times. These models are very rarely incorporated into GNC simulations except in cases where a co-simulation approach is taken. Co-simulation is usually limited to a nominal and/or handful of bounding case runs. At present, there is not a widely accepted reduced-order model that can be used in GNC simulations that will provide an accurate prediction of low-g slosh behavior in flight. Historically, the low-g slosh problem has been managed by eliminating it altogether by maintaining an accelerated environment through settling thrusters during launch vehicle coast phases of flight or spinning the spacecraft tanks to force propellant into a particular tank region via centrifugal force. In cases where settling is not an option, propellant slosh is often managed by implementing a propellant management device (PMD) to keep the propellant from floating into an undesirable location. 
Currently there are space missions being formulated and developed to return humans to the Moon and continue to Mars. The vehicles that will perform these ambitious missions are getting physically larger with increasingly higher liquid propellant mass fractions. Space architectural concepts for on-orbit propellant storage and propellant transfer (e.g., in-flight vehicle refueling) are under development. These missions will likely have long non-propulsive coast phases where low-g slosh can be expected. In response to these evolving trends NASA together with our industry partners will clearly need to improve both the theory and the practice of modeling and analyzing the physics of low-g slosh dynamics.  

WORKSHOP GOALS
A workshop was hosted by NASA at the Kennedy Space Center in February 2023 to increase collaboration amongst practitioners and answer the following questions: 
1. What is the low-g slosh state of the art?  Specifically, in regard to: 
a. Available test data. 
b. Computational fluid dynamics (CFD) validation and verification (V&V). 
c. Guidance, Navigation and Control (GN&C) models for use with 6 degree-of-freedom simulations including simplified mechanical models, CFD co-simulation capability, and/or surrogate models using Artificial Intelligence (AI) and Machine Learning (ML). 

2. Determine What are the gaps in the knowledge base across the GN&C and Thermal/Fluids disciplines?   

3. Which priorities should be established for proactive work for NASA to consider completing in the areas of model development, validation, and integration.  Examples include ground testing, flight testing, CFD analysis, development of surrogate models, and closed-loop co-simulations. 

GAPS IDENTIFIED AT 2023 WORKSHOP
As a result of the February 2023 low-g slosh workshop hosted by NASA, the following findings were identified by workshop participants: 
A. There is no centralized method of sharing data and methodologies that is well-organized and searchable. 
B. Communication amongst the low-g slosh analysis community needs to be improved. 
C. Existing slosh documentation requires updates and corrections. 2 
D. Current funding levels for improving low-g slosh models are inadequate given the dependence of future missions on understanding the effects of low-g slosh on long duration cis-lunar and interplanetary crewed missions. 
E. The Technology Readiness Level (TRL) of various low-g slosh models is not documented. 
F. Test data to validate low-g slosh models is lacking relative to the large body of testing conducted to characterize slosh in a high-g environment. 
G. There is no set of benchmark cases that can be used to validate low-g slosh models. 
H. The applicability of different low-g slosh modeling approaches to various use cases is not well understood or documented. 
I. The low-g slosh contribution to vehicle inertia is not well understood. 
J. There is a lack of understanding as to where the transition from high-g slosh models to a low-g slosh model should occur. 
K. Reduced-order models for use in GN&C simulations for long durations and/or dispersed analyses (a.k.a. Monte-Carlo) are inadequate. 
L. Sensors for detecting fluid motion in the low-g environment are inadequate. 

PRIORITIES FOR FUTURE WORK IDENTIFIED AT 2023 WORKSHOP
In response to the gaps identified in the findings, the following priorities for future work were recommended: 
Recommendation 1: Create a Central Repository of Slosh Data [Reference: Gap A]
Since the 1960’s, a voluminous amount of test data, documentation and models have been generated primarily for the high-g slosh case, but there is also limited data available for the low-g slosh case. As a government agency, NASA is in a unique position to host a centralized online data repository that would advance the state of the art for slosh modeling by making this data easier to access. An early version of such a repository was the “Slosh Central” database previously maintained by Bernard Beard at MSFC. It is further understood that some slosh information is available only in hard copy form and will need to be digitized. To make this data easier to access, an open and outward facing slosh website should be implemented.
Since the date of the workshop, this recommendation has already been implemented and a website hosted by the NASA Engineering Network (NEN) containing a list of links to slosh-related papers has been created (NEN GN&C Slosh Repository). This website primarily has links to documents on the NASA Technology Report Server (NTRS). Additional materials from non-NTRS sources are being added on an ongoing basis. The authors of this paper invite the community to submit suggestions for additional content in the comments section of the website. Note that to access this website, an account must be established with NEN GN&C Community of Practice. 
Recommendation 2: Define a List of Low-G Benchmark Analysis Cases [Reference: Gap G]
To provide future projects with a standardized method for verifying and validating the implementation of low-g slosh into their simulations, a series of check cases should be developed with a known set of model parameters, initial conditions, inputs, and output time histories. These check cases should be compared across several different CFD codes and/or reduced order models and the results published. Ideally, tests should also be conducted using the same check cases to validate the models. The benchmark analysis cases should be designed to exercise the low-g slosh dynamics models with progressively higher levels of complexity, starting with simple impulsive accelerations or rotations in a single axis and ending with multiple disturbances in different axes. In addition to varying the disturbances, different initial conditions should be exercised ranging from settled tanks to an anisotropic distribution of propellant that would exist after an extended period of zero-G flight as shown in Figure 1.
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[bookmark: _Ref155287496]Figure 1. Example of a Benchmark Analysis Case

Recommendation 3: Conduct Testing to Anchor Low-G Slosh Models [Reference: Gap F and I]
Although there have been many low-gravity slosh experiments, none have been carried out in a way that directly addresses the low-gravity slosh coupling with vehicle dynamics. To properly validate a slosh/vehicle dynamics model, the test data needs to include three main components.   
1. Accurate measurement of the vehicle motion  
2. Accurate measurement of the liquid motion  
3. Well characterized initial conditions and disturbance inputs

Accurate measurements of the vehicle motion can be achieved by implementing a high precision Inertial Measurement Unit (IMU). These measurements must include accurate measurements of the vehicle’s linear and angular rates over an extended period. In practice, these are very challenging quantities to measure because they require expensive, highly calibrated avionics, such as those found in modern launch vehicles and spacecraft. These measurements need to be highly sensitive to have an adequate signal-to-noise ratio because the amplitude of low-gravity slosh forces on the vehicle can be rather small.   
Measuring the liquid motion is a challenging task. Ideally, the liquid motion should be captured by a system that can fully reconstruct the three-dimensional free surface shape of the fluid over time. The part of the slosh/vehicle dynamics model that predicts the fluid behavior will need this information for model validation. This is true whether the model uses a coupled Computational Fluid Dynamics (CFD) or a mechanical analog. In the case of a coupled CFD model, the free surface shape is a direct output of the model which would make validation straight forward if the test data was captured. In the case of a mechanical analog such as a pendulum or spring-mass model, the 3D free surface cannot be used as a direct comparison.  In this case, the test data can be used to back out the center of gravity (CG) location enabling the model validation. Though the technology to directly measure the 3D free surface shape is still an area of active research, a good approximation can be achieved by using a camera or sets of cameras inside the liquid tank.  
Determining the propellant contribution to the combined system inertia in the low-g slosh case is also an important outcome from any experimental test regime. The contribution of the “frozen” portion of the propellant to rigid body inertia is well-documented in SP-106 for the high-g case. A similar set of parameters for the low-g case is necessary for adequate modeling.  
Finally, one of the most often overlooked components of a good low-g slosh experiment is the characterization of the initial conditions. Unfortunately, propellant slosh is inherently chaotic. The results of any model are highly dependent on the initial conditions. Ideally, these initial conditions should include the velocity field of the entire fluid domain. While this may not be practical in practice, settling the liquid into a known orientation prior to conducting the test can make the initial fluid velocities small enough that they become easier to characterize.   
Although there have been many low-gravity slosh experiments in the past, most were designed for investigating the fluid dynamics associated with the sloshing fluid in the absence of the coupled slosh/vehicle dynamics. Because of this, there has not been a low-gravity slosh experiment that includes all three components that were previously cited. Apollo-era experiments conducted in launch vehicle tanks did include high quality camera footage, the initial conditions were not properly quantified, and significant amounts of IMU data are missing.3  Other experiments done aboard the space shuttle capture the behavior of the fluids, but the initial conditions were also not known.4 More recent launch vehicle mission data exists which is high quality and accurately captures the vehicle motion. In fact, some of missions show clear indications of slosh induced motion.  However, much of this data is not combined with clear camera footage of the liquid in low-g environments and they lack proper characterization of the initial conditions. Finally, The International Space Station (ISS) experiment called “the SPHERES Slosh Experiment” attempted to gather the data and was successful in collecting high-quality camera footage of the liquid with a well characterized set of initial conditions (see Figure 2). Unfortunately, the motion of the system was not well characterized, leading once again to an incomplete data set. 5
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[bookmark: _Ref155286809]Figure 2. SPHERES Experiment on the ISS (Courtesy of NASA)
Suggestions were made by workshop participants for gathering test data to anchor low-g slosh models, including how each set of experiments could map to current data deficiencies (see Figure 3).



	Fundamental Physics
	
	Experiment/Source

	Low-g slosh participation in rigid body inertia is not well understood

	
	Conduct large scale drop tank experiments

	Low-g prop settling may be severely under-damped, requiring baffles when powered flight would not
	
	Repeat ISS “SPHERES” experiment with larger tanks and a more robust ACS system that can excite/control low-g slosh models

	Situations in which ullage collapse is a concern is not sufficiently characterized
	
	Conduct of experiments with commercial launch vehicles pre-disposal burn

	
	
	ISS re-supply missions with instrumented tanks

	
	
	Orion capsule experiments

	Impacts of Lack of long duration low-g slosh data
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Recommendation 4: Research Reduced Order Low-g Slosh Modeling Techniques [Reference: Gaps E, H, and K] 

There was extensive discussion at the February 2023 workshop about the importance of reduced order low-g slosh models. As mentioned in the slosh flow regime section above, there are several different tools available to model slosh, ranging from mechanical analog models to CFD models. While it is generally accepted that CFD models can be applied to all flow regimes, the associated complexity and long run times make it less desirable for GN&C applications.  Most GN&C vehicle models use mechanical analogs to model slosh because they are simple to implement and fast to run. This enables the running of closed-loop, Monte Carlo simulations. The challenge is that these mechanical analog models are not valid for propellant slosh dynamics in very low-g environments, or each tank shape can require significant effort to derive the proper parameters.   
Thus, there is a need for better reduced order models. The reduced order models need to meet several criteria to be useful:   
1. Code must run significantly faster than real-time.   
a. 10x real-time or faster is desirable.  
b. Higher speed required to enable Monte Carlo / dispersed analysis.   

2. Code must be easy to adapt to different tank geometries.  
a. Simple inputs – Example: acceleration and angular rates.  
b. Simple outputs - Example: forces and moments.  
c. Appropriate for any fill level.  



3. Code must be simple to set up.  
a. Requires only a few parameters to configure – Example: Pendulum model only requires length, slosh mass, hinge point location, damping, and fixed mass location.  
b. Configuration parameters must be easy to calculate/derive.   

During the Low-g slosh workshop, several innovative approaches were presented for consideration as reduced order slosh models:  
Lattice Boltzmann Method. The Lattice Boltzmann equation (LBE) has emerged as a promising alternative to conventional fluid simulations in microgravity conditions.  The LBE is a method by which the incompressible fluid transport phenomena can be approximated as a solution of discretized nonlinear difference equation based on the kinetic theory of gases.6   
Lattice Boltzmann is implemented on a regular Cartesian lattice, typically discretized into 19 or 27 three-dimensional velocity components. While simple isothermal codes can be readily developed to use a uniform cell size, practical limitations require the use of adaptive grids and special computational techniques to approximate curved walls or other types of complex boundary conditions.  However, the LBE has several promising advantages for the simulation of complex multiphase flows.  
LBE-based flow solvers are not required to solve a global continuity equation at each timestep. Therefore, the LBE method requires data exchange only between each cell and its directly connected neighbors. This makes the approach readily adaptable to massively parallel computing architectures such as GPUs.  
Multiphase flow can be implemented by incorporating a real gas equation of state and a wall affinity pseudo-force, which allows complex mass transport and surface tension effects to emerge without explicit tracking of the free surface interface.  This is advantageous for complex flows with multiple interfaces (e.g., droplets).  
While there are some commercial codes that implement Lattice Boltzmann, it has not yet been demonstrated for large-scale simulation of multiphase thermal flows as are encountered in the design of liquid-propellant launch vehicles and spacecraft.  Its limitations include:   
1. The discretization of the collision operation in the continuous Boltzmann equation leads to numerical instability for small kinematic viscosities or timesteps.  For simulation of practical flows, both quantities must be small, leading to stability problems.  This can be improved using a more complex relaxation equation, adaptive timesteps, and a sub-grid turbulence model. However, these require tuning, validation, and increased computational demand.  
2. The physical accuracy of the LBE degrades if the lattice velocity is more than a few percent of the speed of sound in the lattice, which is not equal to the physical speed of sound in the fluid (due to the compressible flow approximation).  
3. Memory requirements can be significant, unless carefully managed using adaptive lattices.  For example, a medium-accuracy 3D lattice using the D3Q19 discretization and 256^3 cells occupy about 5 GB of memory in double precision. This lattice size is only sufficient to resolve free surface features (such as droplets) in a domain of few centimeters.  Additional memory is required for thermal LBE codes, multispecies flows, and turbulence models.7 
Smoothed Particle Hydrodynamics. SPH is a computational method used in many fields of research. More recently, it has been used to model fluid dynamics, including propellant sloshing.8 Since the model is based on a meshfree Lagrangian method, it is well suited for these types of problems. 
Advantages:  
1. The method is relatively simple to implement.   
2. The meshless method makes it well-suited for simulating complex fluid flows with large deformations.  
3. The Lagrangian method makes it well-suited for simulating sloshing liquids, which are often subjected to large accelerations. 
 
Disadvantages:  
1. Results may be sensitive to the choice of kernel function requiring specialized skills to ensure the proper physics are being included.  
2. For large simulations SPH can be computationally expensive, requiring large computing resources.  
3. SPH can be difficult to use for simulating fluids with shocks.  

Although SPH has been used for modeling propellants in tanks, more research is required to validate the method and test out its capabilities.   
Single Particle Method. The single particle method is an approximate mechanical model that has existed since the Apollo program. This method approximates the effects of fluid motion on the vehicle by modeling it as a single particle. Three different formulations of the model exist: sliding particle, contained particle, and pulsating particle. All have their strengths and weaknesses.
Low-G Slosh Modeling Techniques Summary. Based on these and other methods, a study should be conducted to test each method against equivalent CFD models to determine how well they meet the goals listed earlier in this section. The expected output of this study will be a determination of the TRL for each of these methods and discussion regarding which would be most appropriate for conducting iterative design work.
Recommendation 5: Conduct a study to determine the Bond number threshold for low-g and high-g slosh models [Reference Gap J]
When dealing with liquid sloshing in closed containers, it is useful to understand which flow regime the problem falls into. The nondimensional Bond number can be used for this as shown in Equation 1.  

					(1)
 
Where ρ is the fluid density, g is the mean acceleration, a is the characteristic length, and σ is the surface tension. There are three general flow regimes for the fluid slosh problem: high-g, low-g, and microgravity. Though the following bond number ranges are suggested, there is no sharp transition and caution must be used, especially in the regions between regimes.  

High-G slosh [Bo > 1000]. High-g slosh is characterized by a Bond number greater than 1000. In these slosh problems, the free surface is generally flat and perpendicular to the acceleration vector. It can display low amplitude, high frequency (greater than 10 Hz) surface waves and this kind of environment can generally be found in one-g terrestrial based applications such as tanker trucks, ground system tanks, and shipping vessels. The associated mechanical models are also applicable in higher-g applications such as launch vehicle ascent. This regime has been extensively studied and is well characterized. Many different models exist for this type of slosh including test-correlated mechanical analog models such as spring-mass-damper and pendulum models. There is generally high confidence in these models for applications in the specified Bond number range with good agreement to data for linear motion.
 
Low-G slosh [30 < Bo < 1000]. The low-g slosh regime can be thought of as a transition region. There is no hard threshold at which there is a sharp transition into this regime therefore it is important to use caution and understand what the model is trying to answer and its suitability for the application under consideration. The bond number for this regime is usually defined as being between 30 and 1000. Although not commonly found in terrestrial based applications, this regime is common in launch vehicles and spacecraft. The fluid usually has a curved free surface as it is going into its state of minimum potential energy. The time scales for this regime are usually long, on the order of hundreds of seconds. Models for this regime include mechanical analog models with low-g corrections9,10 for limited tank shapes and CFD models. 
Microgravity [Bo < 30]. The microgravity regime can be characterized by having bond numbers less than 30. At these low bond numbers, the shape and movement of the fluid is mostly driven by surface tension and mechanical models (even with corrections) are not accurate. For problems in this regime, it is recommended to use CFD. 
Study to validate low-bond number adjustments against CFD. The Bond number ranges mentioned above are intended to outline a notional framework to categorize the different slosh regimes. The current state of research suggests that these transition regions exist, but more research is required to fully characterize the transitions. This is especially true in the lower portion of the low-g regime as well as the microgravity regime. The missions under development to return to the moon and continue to Mars means vehicles are getting larger and missions are getting longer. Concepts for propellant storage in space and propellant transfer are under development, and model improvements and adequate test data for validation is needed to support these missions.  Therefore, a study should be conducted using CFD to better characterize where these transitions occur so that model applicability is well-understood. 
Recommendation 6: Update SP-106 and add sections for Low-g and rotary slosh models [Reference: Gap C]
	It was noted during the proceedings that the venerable SP-106 document, “New Dynamic Behavior of Liquids in Moving Containers"2 had several typographical errors that required correction. It was further noted that content should be added to answer the following questions related to low-g slosh:
1. What are the “best practices” for analyzing slosh and designing controllers to mitigate its effects?
2. What “rules of thumb” exist for estimating if low-g slosh is a controllability concern?
3. Which CFD code is most appropriate for different types of problems?
4. What is the low-g equivalent to the Bauer curve which maps the danger zone where high-g slosh is unfavorably phased?
5. What is the best approach for modeling rotary slosh (i.e., linearization about a coning state)? 

Recommendation 7: Low-G slosh management and sensing hardware [Reference: Gap L]

The development of low-g propellant management systems has lagged well behind the high-g case because the community has focused on the launch problem where slosh instability can result in loss of mission, but there are a number of scenarios where low-g slosh can result in failure to meet mission requirements. While low-g slosh will not likely result in a catastrophic failure for expendable launch vehicles, it can lead to wetting of areas that should remain dry and vice-versa, causing various failure modes that can degrade a mission. The large attitude slew maneuvers in low-g associated with recoverable boosters could pose a risk to valuable hardware. For missions with durations of days or months, the movement of cryogenic propellants in the microgravity environment presents a unique challenge due to high boiloff rates and other thermal effects. Finally, low-g slosh dynamics can prevent successful on-orbit docking maneuvers if those effects are not accounted for in the control system design. To better understand and manage these effects, new technologies for sensing propellant position in the low-g environment should be developed. This would have the additional benefit of providing additional data for estimating propellant mass.
Recommendation 8: Raising the profile of Low-g slosh modeling [Reference: Gap B]
While a significant amount of research and analysis have been conducted around low-g slosh, these efforts have been largely disconnected. In response to this observation, several initiatives have been taken to maintain and improve communication across the low-g slosh community:

1. Conduct a low-g slosh workshop on a regular basis.
2. Conducted a low-g slosh panel discussion at the 2024 AIAA SciTech conference held in Orlando, Florida.
3. Present this paper at the “Challenges and Solutions in Managing Liquid Propellant Dynamics“ session at the 2024 AAS GN&C conference in Breckenridge, CO.
Conclusion
A low-G slosh workshop was conducted, and numerous gaps were identified that address current community needs. Several recommendations were made by the workshop attendees that were adopted by a NASA-internal working group and are in various levels of implementation. The workshop served to reinforce the need for the GNC community of practice to better understand the physics of low-g slosh. Potentially a second NASA-sponsored low-g slosh workshop could be held in late 2024/early 2025. The working group welcomes feedback and inputs/contributions from the GNC community on this challenging area.
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