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Background
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Lateral liquid slosh in a Cylindrical Tank Simple Mechanical Model of Lateral Slosh

(Spring-Mass-Damper Model)

• Launch vehicle dynamics models / simulations used for GN&C applications typically employ simple mechanical 
models of lateral propellant slosh

• Slosh mass, spring stiffness, damping, and slosh location typically assumed to be constant for a given liquid fill level



Motivation

• Propellant slosh damping increases with wave 
amplitude (force)

• Traditional flight control stability analysis 
computations for launch vehicles employ a linear 
model of slosh dynamics

• Use of linear damping models can lead to an overly-
conservative approach for treating propellant slosh, 
which can result in

• larger tank damping requirement that drives the baffle 
design

• unnecessary loss of vehicle performance (and/or 
robustness in other areas)

• unwarranted flight control certification issues  

Example: Smooth Wall Propellant Tank

Goal of NESC Assessment: Proactively develop nonlinear slosh damping 
models for potential use by the Space Launch System (SLS) Program 3
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• The NASA Engineering and Safety Center (NESC) and Space Launch System 
(SLS) Program completed a multi-year study on launch vehicle propellant slosh

• Part 1: Testing, Analysis and Model Development
• Goal: Develop propellant slosh damping models with quantified 

uncertainty for multiple tank configurations (bare and baffled)

• Also investigated slosh frequency and slosh mass variability with wave 
amplitude, damping regimes associated with flow physics, use of wave 
amplitude as an independent variable, influence of initial conditions, etc. 

• NESC Final Report is 500+ pages; peer reviewed. 

• Presentation summarizes the scope of the work completed and outlines 
the process followed for test, data analysis, and computational fluid 
dynamics (CFD).

• Part 2: Flight Controls Motivation and Implementation
• Method for inclusion of nonlinear slosh damping model in launch vehicle 

flight control stability analysis

Introduction

Ref: T. VanZwieten, J. Brodnick, S. Reese, M. Ruth, B. Marsell, R. Parks, 
“Nonlinear Slosh Damping Testing and Analysis for Launch Vehicle 
Propellant Tanks,” AIAA SciTech, AIAA 2020-2050, 2020.

Ref 2:  J. Ottander, R. Hall, J. Powers, “Practical Methodology for the 
Inclusion of Nonlinear Slosh Damping in the Stability Analysis of Liquid-
propelled Space Vehicles”, AIAA SciTech, AIAA 2018-2097, 2018.



Approach

Testing 

• EUS LOx Tank (1/5 scale)
• SLS CS LOx Tank (1/7.6 

scale)
• Baffled configurations 

(multiple)

Data analysis
• Statistician included from 

the onset of the activity 
(influenced testing)

Exploration Upper Stage
(Point of Departure)

LH2

LOx

Computational Fluid Dynamics 
(CFD)

• Cylindrical tanks (3 sizes; 
scalability study)

• EUS LOx tank (1/5 scale)
• SLS CS LOx Tank (1/7.6 

scale)
• Baffled cylinder

Data analysis EUS LOx
Tank 

SLS CS 
LOx Tank 

• Data used to support nonlinear model development for additional tanks
• Nonlinear models used for SLS Flight Controls Design (analysis techniques developed by SLS Program)

Comparison of Results 
• Compared with SP-106 & Miles Equation
• CFD/Test comparison resulted in testing 

modifications in some instances 

Space Launch System 
(SLS) Block 1
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Comparison of Results 
• Compared with SP-106 & Miles Equation
• CFD/Test comparison resulted in testing 

modifications in some instances 
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Tank Configurations Analyzed (Bare Wall)

Bare Wall EUS LOx Tank 
• CFD (subscale with water/air; 

full scale with LOx/He) 
• Sub-scale testing & analysis 
• Slosh damping GP models 

and UQ delivered

Bare Wall SLS CS LOx Tank 
• CFD, subscale testing & analysis 
• Slosh damping GP models and UQ delivered

Cylindrical tanks (three sizes; bare tank)
• CFD analysis; emphasis on evaluating scalability

43.1 in.

x

y

1/7.6-
scale 

acrylic 
tank
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Tank Configurations Analyzed (Baffled)

Baffled SLS CS LOx Tank (Original & Inverted)
• CFD, subscale testing & analysis 
• Slosh damping GP models and UQ 

 

Original Configuration Inverted Configuration

Baffled Cylindrical Tank
• Testing & analysis 
• Slosh damping GP models and UQ 
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Sample Findings
Slosh with Baffles

Baffle flexibility can have a substantial impact 
on measured damping results:

• Test results from above a single barrel-
section baffle showed good agreement 
with the Miles Equation.  However, this 
result was misleading because of 
increased damping due to baffle 
flexibility.

Rigid baffle

Flexible 
baffle

force
da

m
pi

ng

The Miles Equation over-predicted the damping 
for all fill heights and wave amplitudes 
evaluated using a cylindrical tank with a rigidly 
cantilevered baffle.



CFD Analysis

• CFD predictions determined in advance of the test
• Full range of forces not analyzed – windows selected to reduce run time
• Damping results evaluated across each analysis window

• Useful for aiding in physical interpretation of results, identifying sensitivities that could skew test data, and 
understanding CFD accuracy for alternate tank configurations where test data may not be available

Key Contributors:  
Jacob Brodnick/MSFC ER42 (ESSSA/Jacobs)
H.Q. Yang/MSFC ER42 (ESSSA/Jacobs)

Slosh amplitude increased using a smooth forcing function near the slosh natural frequency.  

CFD Results for Modeled 
1/5-scale EUS Tank

(~10% damping)
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Testing Conducted at Each Liquid Fill Level Key Contributors:  
• MSFC ET40: Rusty Parks, 

Marlon Holt, Alex McCool
• MSFC EV31: Dan Lazor

Free decay tests – multiple tests/liquid level
• Sinusoidal forcing functions applied by hydraulic shaker 

• Amplitude increased
• When desired wave height is reached, forcing is terminated

• Slip plate held constant; forces measured as slosh wave decays

Random tests – one test/liquid level 
• Input: Random, low-amplitude force (0.1-3 Hz)

3 x 3-axis load cells 
Þ 9 load cell outputs 
Þ Fx, Fy, Fz;  Mx, My, Mz
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• Slosh frequency (low amplitude)
• Damping (low amplitude)
• Slosh mass

Frequency 
Response 
Function

• Result:

Damping 
(as a function of force amplitude) 

Force
vs.

Time

Linear variable differential 
transformer (LVDT) 
=> Tank position 
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Sample Findings

Slosh frequency and slosh mass decrease 
with increased wave amplitude.

• Slosh frequency decreased in 
excess of 5% for large slosh wave 
amplitudes (i.e., wave amplitudes 
reaching about 25% of the tank 
radius).

• Frequency variation can cause the 
slosh wave to limit cycle as force 
amplitude increases in support of 
high-amplitude free-decay testing. 

Fill level near baffle 

Fill level far from baffle

Apply the forcing function at a lower frequency (e.g., 95% of the natural frequency) when attempting to excite 
high-amplitude sloshing motion. 

Consider incorporating amplitude-dependent frequency and mass variations or additional asymmetric uncertainty 
into the slosh model if the launch vehicle propellant tanks are expected to experience large wave amplitudes. 



Sample Test Matrix

Upper dome

Barrel se
ctio

n

Lo
wer 

dom
e

Tank Dimensions:
Height: 42.2 in.
Diameter: 43.1 in.

171 Free Decay Runs

% Fill
(approx.)

Liquid 
Level 
(in.)

No. 
of 

ICs

Target Slosh Height
(peak-to-peak) for 
Free Decay (in.)

CFD
?

95 40.2 7 1, 2, 4, 6

90 38.2 14 1, 2, 4, 6, 10 X

85 36.2 10 2, 4, 8, 12, 16

80 34.2 8 1, 3, 6, 9 X

75 32.2 12 2, 4, 8, 12, 16, 20

70 30.2 8 4, 8, 12, 16 X

65 28.2 10 2, 4, 8, 12, 16

60 26.2 12 1, 2, 4, 8, 12, 16 X

55 24.2 14 2, 4, 8, 12, 16, 20, 24

50 21.1 18 2, 10, 16, 18, 20, 24 X

45 18 12 2, 4, 8, 12, 16, 20 X

40 16 12 2, 4, 8, 12, 16, 20

30 12 12 2, 4, 8, 12, 16, 20

20 8 12 2, 4, 8, 12, 16, 20

10 4 10 1, 4, 8, 12, 16 X

11.9 in.

11.9 in.

18.4 in.

42.2 in.

30.3 in.

15 Fill Levels

Free decay tests performed at multiple initial wave amplitudes
• Linear (small wave amplitude) region:

• Forcing function applied at 𝜔𝑛
• Results should be consistent with SP-106 

• Nonlinear region: forcing function applied at ~0.95 ∗ 𝜔𝑛
• Primary objective: quantify damping at higher amplitudes

Repeated free decay tests at same initial wave amplitude
• Understand repeatability; decrease statistical uncertainty 

Matrix for Test and CFD Analysis
Smooth-wall Tank
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Analysis of Raw Free-decay Data Key Contributors:  
Brandon Marsell (KSC LSP) 
Mike Ruth (Northrop Grumman)

1. Remove forced response from raw test data. 2. Remove bias.

Free-decay data

Example of bias 
in damping result

3. Filter. 

4. Calculate damping vs. force using approach (i) and/or (II)*

*Basis function method favored when significant rotational motion exists. 13



GP Models

Bayesian implementation of GP model is flexible in nature and 
can model a variety of shapes

• GP features 
• No discontinuities (infinitely differentiable)
• No parametric form assumed as with a curve fit 

(flexible)
• Bayesian approach 

• Relies on a pre-established (“prior”) set of smooth 
functions

• Capable of combining experimental and computational 
models (not leveraged for this delivery)

• Allows for accommodation of full set of uncertainties 
from multiples sources (not leveraged)

Idealized Damping Curve

Key Contributor:  
Shane Reese (BYU)
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Uncertainty Quantification (UQ)

UQ definition
• UQ results delivered quantify the run-to-run uncertainty in the mean line 

(i.e., do we have the correct mean line based on the available data?)
• UQ results are provided for a 95% confidence interval

Key Contributors:  
• Shane Reese (BYU)
• Jeff Brouwer (SLS Stages)
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UQ results contain a subset of slosh uncertainties
• Does not capture systematic errors in the test setup, 

sensors, or data processing   
• Does not capture uncertainties introduced by extrapolating 

the test results to a flight scenario (i.e., scaling/similarity, 
fluid properties, multi-axis sloshing, mechanical model 
simplifying assumptions, etc.)

• Bayesian implementation of GP models supports inclusion 
of full set of slosh uncertainties (could be incorporated in 
the future)

Upper/lower bounds on 
damping uncertainty 
for 95% confidence

15
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Sample Results

Example Nonlinear Damping Data Set
(single liquid fill level)

Nonlinear Damping Model Trends
(Mean Lines from Multiple Fill Levels)
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Sample Findings

Bare Propellant Tank Results

• Transition to the nonlinear damping 
regime in the subscale bare-wall tank 
upper dome occurs at decreasing force 
(wave) amplitudes for increasing fill levels.

• Nonlinear damping models for bare 
subscale tanks exhibit the most substantial 
increases in damping in the upper dome 
and near discontinuities in the tank 
curvature (i.e., when the slosh wave 
interacts with the dome/barrel interface).
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Sample Findings
Slosh Rotation during Testing

Modulations in the magnitude of the lateral damping were correlated with slosh rotation.

Baffled Cylindrical TankBare Propellant Tank Results
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For slosh testing intended to capture lateral damping, use tanks fabricated with minimal 
ovality to mitigate data analysis complexity and uncertainty introduced by fluid rotation. 
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Multiple “families” of damping data were present in the 
subscale EUS LOx tank, driven by varying initial 
conditions.  Consequently:

• The lower damping (i.e., conservative) family was 
employed in these scenarios for defining best-fit 
curves and reporting results.

• All other tank configurations implemented 
preprogrammed initial conditions to decrease 
run-to-run variability.

Sample Observations
GP Model and UQ

Example of Multiple “families” of data
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Video Data Collected to Supplement Force Measurements

20

Video Camera Setup for Slosh Testing

Still frames from video recordings of low (above) 
and high (below) amplitude waves
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Comparison of Processes for Analyzing Video and Load Cell Data

• Two methods used to estimate the wave amplitude from the indicated test data:
1. Estimation from video data
2. Analytical conversion of force measurements to wave amplitude

• GP Models of slosh damping determined using the same process to compare results
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Sample Findings
Wave Amplitude as an Independent Variable

Analytical conversion of force to wave 
amplitude has shortcomings for 
nonlinear sloshing waves, including:

• It is based on linear theory.
• It requires slosh mass and 

slosh frequency estimates.
• It requires an estimate for a 

geometry-specific conversion 
factor.



Video footage (still frames)

Estimation of wave amplitude from video data captured during this assessment has 
shortcomings, including when:

• The free surface shape is not a straight line or well defined (e.g., when 
multiple prevalent liquid modes are present, the dynamics are chaotic due to 
highly nonlinear wave amplitudes, or there is wave interaction with a baffle).

• The fluid film adheres to the tank interior surface.
• The wave amplitude is obscured due to lighting artifacts.
• The slosh wave is rotating.

Video-derived damping models had lower uncertainty than their force-derived 
counterparts when fluid motion was simple, and higher uncertainty as the fluid 
behavior exhibited more nonlinearities and complex surface shapes:

• Other independent variables may exist, but it would take an effort similar 
in scope to this assessment to determine whether it is a more suitable 
alternative for the development of slosh damping models.

Sample Findings
Wave Amplitude as an Independent Variable

Consider using force as the independent variable for the nonlinear 
slosh damping model implementation in place of wave amplitude 23
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Conclusion

• Simplified mechanical models of propellant slosh are typically incorporated into launch vehicle dynamics model
• Higher fidelity slosh damping models may allow for reduce conservativism in flight control design
• Benefits of incorporating nonlinear slosh into flight control design tools may include reduced need for baffles 

(reduced mass), improved flight control robustness and performance, etc.

• Process for determining lateral propellant slosh damping as a function of force (wave amplitude) discussed, 
included

• Tank configurations included in study

• CFD analysis process
• Test setup, instrumentation & approach for conducting tests
• Analysis process for determination of slosh damping from free decay data
• Development of Gaussian Process models and uncertainty quantification

• Video data collection and analysis
• Determination of slosh damping models based on testing, CFD, and statistical analysis was challenging

• Sample findings from nonlinear slosh damping testing and analysis were discussed as they may be useful for 
future slosh damping testing and/or model implementation

• Nonlinear slosh damping models developed under NESC assessment through CFD analysis and testing were used 
by the SLS Program for multiple propellant tanks
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Broad Perspective from NESC Technical Bulletins

NASA Engineering and Safety Center Tech Bulletins Available for Download at https://www.nasa.gov/nesc/technicalbulletins/

Evaluation of 
mitigations 
afforded by 
nonlinear slosh 
is one of several 
possible 
methods for 
managing low 
linear slosh 
stability margins

https://www.nasa.gov/nesc/technicalbulletins/


Backup

26



Team List

Name Discipline Organization 
Core Team 
Tannen VanZwieten NESC Lead MSFC 

Michael Ruth GN&C/Data Analysis 
GSFC/Northrop Grumman, 
Innovation Systems 

Brandon Marsell Data Analysis KSC 

Ravi Purandare 
SLS Slosh Dynamics Modeling 
Verification MSFC 

Joseph Powers 
SLS Slosh Dynamics Model 
Integration MSFC 

Jacob Brodnick CFD MSFC/ESSSA 
Hong Yang CFD MSFC/ESSSA 
Russel Parks Slosh Testing MSFC 
Daniel Lazor Video Data Processing MSFC 
Alexander McCool Slosh Testing MSFC 
Dana Chandler Slosh Testing MSFC/ESSSA 
Marlon Holt Slosh Testing MSFC 

Shane Reese 
Data Analysis/Bayesian 
Statistician Brigham Young University 

 

Consultants 
Robert Hall Controls Analyst MSFC/CRM Solutions 
John Ottander Controls Analyst MSFC/DCI 

Neil Dennehy 
NASA Technical Fellow for 
GN&C  GSFC 

Jeffrey Brouwer 
SLS Stages Slosh 
Representative MSFC/ESSSA 

David Schuster 
NASA Technical Fellow for 
Aerosciences LaRC 

Chad Eberhart Data Analysis MSFC 
Business Management 
Loutricia Johnson Program Analyst LaRC/MTSO 
Administrative Support 
Linda Burgess Planning and Control Analyst LaRC/AMA 
Jonay Campbell Technical Writer LaRC/SGT 
Melissa Strickland Project Coordinator LaRC/AMA 

 

Name Discipline Organization 
Core Team 
Tannen VanZwieten NESC Lead MSFC 

Michael Ruth GN&C/Data Analysis 
GSFC/Northrop Grumman, 
Innovation Systems 

Brandon Marsell Data Analysis KSC 

Ravi Purandare 
SLS Slosh Dynamics Modeling 
Verification MSFC 

Joseph Powers 
SLS Slosh Dynamics Model 
Integration MSFC 

Jacob Brodnick CFD MSFC/ESSSA 
Hong Yang CFD MSFC/ESSSA 
Russel Parks Slosh Testing MSFC 
Daniel Lazor Video Data Processing MSFC 
Alexander McCool Slosh Testing MSFC 
Dana Chandler Slosh Testing MSFC/ESSSA 
Marlon Holt Slosh Testing MSFC 

Shane Reese 
Data Analysis/Bayesian 
Statistician Brigham Young University 

 

27


