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Determination of slosh damping is a very challenging task as there is no analytical
solution. The damping physics involve the vorticity dissipation which requires the full
solution of the nonlinear NavierStokes equations. As a result, previous investigahs were
mainly carried out by extensive experimerdg. A systematical study is needed to understand
the damping physics of baffled tanks, to identify the difference betweethe empirical Miles
equation and experimental measuremerst and to develop new serempirical relations to
better represent the real dampng physics The approach of this study is to use
Computational Fluid Dynamics (CFD) technology to shed light on the damping mechanisms
of a baffled tank. First, a D Navier-Stokes equation representing different length sdas
and time scales in thedamping physics by a baffle is developed and analyzedLoci-
STREAM-VOF, awell-validated CFD solver developed at NASA MSFC, is applied to study
the vorticity field around a baffle and around the fluid-gas interface to highlight the
dissipation mechanisms at different slosh amplitudes. Previous measurement dasathen
used to validate the CFD damping results. The study found several critical parameters
controlling fluid damping from a baffle: local slosh amplitude to baffle thickness (A/t),
surface liquid depth to tank radius (d/R), local slosh amplitude to baffle width (A/W); and
non-dimensional slosh frequency. The simulation highlights three significant damping
regimes where different mechanisms domite. The study proves that the previously found
discrepancies between Miles equation and experimental measurement are not due to the
measurement scatter but rather due to different damping mechanisms at various slosh
amplitudes. The limitations on theuse of Miles equation are discussed based on the flow
regime.

l. Introduction

ropellantslosh is a potential source of disturbance critical to the gtabilispace vehicles. The slosh

dynamics are typically represented dynechanical model of springmassdamper.This mechanical
model is then included in the equation of motion of the entire vehicla duidance, Navigation and Control
analysis (GN&C). The typical parameters required by the mechanical model inclatieal frequency of the
sloshing wave slosh mass, slosmass center location, andULWLFDO GDPSLQJ UDWLR ’'XULQJ WK
program, these parameters were either computed from an analytical solution for a simple geometry or by
experimental testing odub-scaleconfigurations. Since the liquid oscillatory frequency may nearly coincide with
either the fundamental elastic body bending frequency adythemiccontrol frequency of the vehicle at some time
during the powered phase of the flight, the slosh forcekldoteract with the structure or control systerhis can
cause a failure of structural components within the vehicle or excessive deviatiothéraiesiredlight path [12].
It is, thereforenecessary to consider means of providing adequate dampthg lafuid motionsand slosh forces
and to develop methods for accountinggach damping in the vehicle performance analyses.

In order tomeet the damping requiremeindm theflight control, anti-sloshbaffles of various configurations
have been devised to increase the natural viscous dampinp dedrease the magnitude of the slosh forces and
torques [12]. In the design of slosh baffethe most widely used damping equation is the one obtainédilby
[3], which is basedon the experiments of Keulegan and Carpenter [4]. This equatioméas usedn predicting
damping ofthe baffled tanlsin different diameters ranging from 12 té2linches[5-12]. The analytical expression
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Figure 7. Damping physics at different wave amplitaed comparison with Miles equation

CFD Validation of SloshDamping at Different Wave Amplitudes

To further validate the CFD simulation the experimental data are plotted with CFD and Miles equation
together in Figure 8 at two different fill levels. First one sees that the damping value in the linear regime changes
slightly at different liquid fill levels. In region 2, a linear relationship is clearly seen with a diffslap at
differentfill levels.

To shed light on the damping characteristics at higher slosh amplitudes, Figure 9 shows the coofparison
even higher amplitude up to KR=0.24. It shoulbe pointedout that for KR>0.12, the experimental data were
taken by a different technique as thatiR < 0.06 (driving force method rather than wave free decay method). The
scatter from experimental d@ais clearly seen. However, one notices that CFD simulation approaches to Miles
equation at larger amplitugdeindicating thevalidity of Miles equation at high wave amplitude. In fact, the
empirical correlation Mile used is for natimensional time peoidic parameter: KI/D, largerthan 2.0. In the
lower amplitude regime, there is no experimental data for the correlation and it actually takes a different functional
form.
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Figure 8 Validation of CFD simulation for slosh damping at low amplisiatewo liquid fill levels.

Figure 9 Comparison of CFD simulation, experimental data, and Miles equation at even higher slosh
amplitudes.

Conclusion
This studyused CFD technology to shed light on the damping mechanisms of a baffled tank. FirEt, a 1
NavierStokes equation representing different length scales and time scales in the baffle damgicg) way
analyzed.Loci-STREAM-VOF, awell-validatedCFD solver developed at NASA MSFCis applied to studyhe
vorticity field arounda baffle and around the fluidasinterface to highlight the dissipation mechanisms at different
slosh amplitudes. Previous measurement data are then used to validate the CFD dautigingl hesstudy found
several critical parameters controlling fluid damping from a baffle: local slosh amplitude to baffle thickness (A/t),
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An empirical relation for the drag coefficient from the experiment of Keulegan and Carpenter [4] sudlgastad
drag coefficient is a function dhe periodparameter: WT/D, where U, denotes the timaise maximum velocity,
T the period, and D the plate width. Tthegcoefficientrelation suggested was:

C, 15U, T/D)Y? 2 dU,_T/D d20 (13

In the preent notation:
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Figure 2. Elevation of CrosSection ofCylindrical Tank vith a Flat Bottom and an Annulddamping Ring

Substituting equation(13) and (L5) in Equdion (10), we obtain the damping ratis:
J 283% 4.6(Xd/R)a3/2(_/31/2 (16)
R

This isthe famoudMiles equation for a straight cylinder with a baffl#he analytical expression of Miles equation
is easy to use, especially in the design of a compléelsystem. It is this reason thahis equation habeen used
in predicting damping of the baffled tanks in different diameters ranging from 12 to 112 inet#s [5

Comparison of Miles Equation to Experimental Data

Figure 3 compares Miles equati¢ib) to the result®f dampingmeasurements for a cylindrical tankegfsinction of
submergence depthhG D QG ZDYH DP JialddfaXvizie obtained by a variety of meth@dsce on the
baffle, force to drive the tank, amplitude of slosh wahe,decayof slosh wavethe decayof tank anchor force)
indicated by the different symbo[41]. The scéter in the data is primarilyhe result ofdifferent measurement
techniqus. Thisfigure hasbeen usedh the originaINASA SR106[1] andin the rew version of NASA SPL06
[2] asthe evidence that when the baffle is not too near the liquid surfaces Eiaation compares reasonawisl
to the test results over thange of wave heights tested. It shob&notedhat he smooth wall damping, whids
KLJK IRU WKLV Fra@ius@aoa19), 2honiKhave been subtractedreful evaluation with theubtraction
of smooth wall damping by Cole [9] indicated that the measured damping ratio exceeds the prediction by as much as
100 percent and figl bellows by as much as 30 percent.

Figure 3. Damping comparison of Miles equation to experimental data for a ring baffle in a cylindrical tank baffle
[1,2] with areablockage 0£3.5%.

CFD Model

In order tounderstand the difference betwedliles equation and experimental measuremeiaii-
STREAM-VOF, awell-validated CFD solver developed at NASA MSE® applied to studyhe vorticity field
around a baffle and around the fluidas interface to highlight the dissipation mechanisms at different slosh
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amplitudes. As shown in Miles equation, once the baffle width is fixed, the damping is a function of baffle depth
from the free surface (d/R) and the wave amplituyd§. The simula¢d geometry forthis studyis shownin Figure 4

The tankconsists of a cylindrical barrel sectiand a ring baffleThetankdiameterused is the sae ashat reported

E\ 2718l & 12inches The baffle locationis at h/R=2.5 ard theratio of baffle widthto tank radius, w/Ris

0.125 with water as the working fluid. @edon our previous investigatioior a similar sized tanlof 6-inch
radius, at least 0.2&iillion cells were needed to resolve smooth wall dampjtd,20]. The generate@€FD mesh

has a total of 5M cells, andthe cellswerepacked neathe wall and around the bafflasshownin Figure 4 This
number of cells is sufficient to resolve smooth wall dampignon-slip boundary conditiotis appliedto the tank

walls and baffldboundaries

h=2R=12"

Figure 4. Details ofthemodelandmesh constructed to simulate slosh in the baffled ¢tankiguration. Mesh size
is 5.4million cells.

CED Study of Fluid Damping Physics

Given in Figure 5 is theomparison of Miles equation to the available experimental data at two different
liquid depths fromthe baffle, d/R=0.505 and d/R=0.28. It is the same as FigureeXcept that the smooth wall
damping value of 0.001% subtractecbut The differencaepresents the contribution tfe baffle to the slosh
damping, which is what Miles equationat about Careful @amination of Figure 5 reveathat Miles equation
overestimate slosh dampindpy as much as 30% to 80%ln order tounderstand thdampng physics at these low
amplitudes, the CFD tool is applied to study ttiearacteristicvariation of the flow field around the baffleat
different amplitudes

Figure 6 shows theomputeddistribution of vorticity fluidaround baffle adifferentwave amplitudesThe
fill level is atd/R=0.505 As shown in Figure diereA is the double amplitude of motion at baffle edge:

A 2 Kexp( 1.84%) 17)

The exponential term represents the decreasenplitude at a depth of d/R below the free surfade. Figure 6is
the bafflethicknessand istaken as - LQ WKL WVt shaukl 68 notedthat the vorticity represents the
dissipation of fluid, and itontributes directly to the slosh dampings seen from Figure,Bvhen the A/t is less
than 2, the flow is attached to the baffle, and there a lneaimum in vorticitynear the baffle, but there is no flow
separation ando vortex shedding. Apparentlthis is acreepingflow, wherethe corvectiveterm isnegigible, and
onecanexpectthat dampings purdy from the viscous shearin comparison to thease ofa smooth walltank one



expectsanonly small increase in the dampinga baffled tank a percent that is proportional to the increase in the
wet area due to baffle. At the same time, since the slosh danspardyi dueto the flow shear, slosh damping is
characterized as the linear damping region, where the damping is constant and is proportional to the fluid
viscosity.

Damping of a Ring Baffle in a Cylindrical Tank
(Baffle area blockage=23.5%, O'Neil, 1960)
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Figure 5. Comparison of Miles equation to experimental data at low slosh amplitude.
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Figure 6. Vorticity distributionaround baffle at different wave amplitughe baffle tip (A).

For the condition when A/t is larger than 2.0, as shown in Figure 6, one stagg raultiple vortices,
representinghe separatiorof the flow field. However, there i sheddingof the vorticity. Here flowstarts in the
transitionand turbulence regimand one expects a higislosh damping in comparison to the linear case when A/t
is less than 2.0ln this flow regime, a lingaincrease of damping with slosh amplitude is expected, as analyzed in
the previous section. With further increase in local slosh amplitude when A/t > 10, one startsheestinddingof
the vorticeg(Figure 6) and the transient term beconiagortant As a resultthe damping is expected to increase
with a power of less than 1.0.

Given in Figure 7 is the computed damping from CFD and comparison with Miles equation. As Mile
equation gives a variation tfie squareroot of the wave amplitude, theboveattachedflow physics of constant
damping and separated flow with shedding is not embedded on the derived equtisris part of the reason that
Miles equationoverpredics damping at low slosh amplituse As analyzed aboveslosh dampingvaries with
amplitudefirst as a constant, thencreagslinearly with slosh mplitude, and finally irsquare root type of function.



CFD Confimration of Baffle Thickness Effect and

Related Damping Physics
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Figure 7. Damping physics at different wave amplita®d comparison with Miles equation

CFD Validation of SloshDamping at Different Wave Amplitudes

To further validate the CFD simulation the experimental data are plotted with CFD and Miles equation
together in Figure 8 at two different fill levels. First one sees that the damping value in the linear regime changes
slightly at different liquid fill levels. In region 2, a linear relationship is clearly seen with a diffslap at
differentfill levels.

To shed light on the damping characteristics at higher slosh amplitudes, Figure 9 shows the coofparison
even higher amplitude up to KR=0.24. It shouldbe pointedout that for KR>0.12, the experimental data were
taken by a different technique as thatiR < 0.06 (driving force method rather than wave free decay method). The
scatter from experimental d@ais clearly seen. However, one notices that CFD simulation approaches to Miles
equation at larger amplitugdeindicating thevalidity of Miles equation at high wave amplitude. In fact, the
empirical correlation Mile used is for natimensional time peoidic parameter: KI/D, largerthan 2.0. In the
lower amplitude regime, there is no experimental data for the correlation and it actually takes a different functional
form.
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Damping of a Ring Baffle in a Cylindrical Tank
(Baffle area blockage=23.5%, O'Neil, 1960)
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Figure 8 Validation of CFD simulation for slosh damping at low amplistadewo liquid fill levels.

Figure 9 Comparison of CFD simulation, experimental data, and Miles equation at even higher slosh
amplitudes.

Conclusion
This studyused CFD technology to shed light on the damping mechanisms of a baffled tank. FirEt, a 1
NavierStokes equation representing different length scales and time scales in the baffle damgicg) way
analyzed.Loci-STREAM-VOF, awell-validatedCFD solver developed at NASA MSFCis applied to studyhe
vorticity field arounda baffle and around the fluidasinterface to highlight the dissipation mechanisms at different
slosh amplitudes. Previous measurement data are then used to validate the CFD dautigingl hesstudy found
several critical parameters controlling fluid damping from a baffle: local slosh amplitude to baffle thickness (A/t),
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