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Fig. 2 and Fig. 3 show cross sections of the densest 
polyhedral and trim meshes. 
 

 
Figure 2.  Polyhedral mesh with approximately 

1110k cells 
 

 

Figure 3.  Trim mesh with approximately 1190k 
cells 

 
The model was initialized with the liquid filled to 50% 
of the tank volume and the liquid offset to one side, 
as shown in Fig. 4.  The liquid-gas interface makes 
a 3 degree angle with the horizontal plane. 
 
 

 
Figure 4.  Model initial liquid position (bottom 

section is liquid) 
  
The liquid in the model is nitrogen tetroxide (NTO), 
which is a common oxidizer used in spacecraft 
propulsion systems.  The pressurant gas is 
nitrogen, though the results would be the same if a 
gas like helium was used. 
 
The model run times varies with the mesh density 
and type.  Using 16 cores, the models with the 
roughest meshes would take less than 1 day of wall 
clock time to model 150 seconds of slosh.  Using 
100 cores, the models with the finest meshes took 
several days of wall clock time to model 150 
seconds.  The models with trim meshes had a 
harder time converging.  Since it took longer to 
converge within each time step, the total modeling 
time was larger than the models with a polyhedral 
mesh for models with a similar number of cells. 

2.1.2 CFD results and discussion 

Fig. 5 and Fig. 6 show plots of the center of mass of 
the liquid and force exerted on the wall outputs for 
the first 75 seconds of slosh.  At least 150 seconds 
of slosh are modeled and used when determining 
the frequency and damping, but the results in Fig. 5 
and Fig. 6 are truncated to 75 seconds to better 
show the differences between the different models. 
The torque outputs are similar to those of the forces 
and are not included in the paper. 
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Figure 5.  Center of mass movement for bare tank 

models 
 

 
Figure 6.  Forces on tank wall of bare tank models 
 
Fig. 5 -9 show that the magnitude and the frequency 
of both the center of mass movement and the forces 
on the tank between the different models are very 
similar at the beginning of  the model run, but 
diverge as the effects of damping accumulate.  The 
models with the polyhedral mesh have a higher 
damping than the models with the trim mesh, but the 
trim mesh models also have more noise, as shown 
more clearly in Fig. 7-9. 
 
The noise shown in Fig. 7-9 can be explained by the 
trim model struggling to converge within each time 
step.  Because the solver uses a maximum number 
of inner iterations for each time step, it is possible to 
march forward in time even if the model has not 
converged within the time step once the maximum 
number of inner iterations is reached.  Also, when a 
volumetric mesh refinement is used, there is more 
noise in the data.  The noise could be caused by a 
time step that is too large or perhaps difficulty in the 
solution converging near the transition between the 
finer mesh regions and the rougher mesh regions. 
 

 
Figure 7.  Forces on tank wall around 11.5 

seconds (2nd peak) 
 

 
Figure 8.  Forces on tank wall around 34.75 

seconds (4th peak) 
 

 
Figure 9.  Forces on tank wall around 69.5 

seconds (6th peak) 
 
The volume fraction output shows a well-defined 
liquid-gas interface, as shown in Fig. 10 and Fig. 11.  
However, the polyhedral mesh gives a more diffuse 
liquid-gas interface, in part because no volumetric 
mesh refinement is used around the gas liquid 
interface at the roughest mesh refinement.  A less 
defined liquid-gas interface may contribute to the 
greater variability in results between the models 
with polyhedral meshes. 
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damping, even as the cell count is increased.  When 
the exponential damping from the peak data is 
averaged with the exponential damping from the 
valley data, the model results with the finest 
polyhedral mesh give a damping that differs from 
the Eq. 5 damping by 1.7% and the Eq. 6 damping 
by 0.2%.  The model results with the roughest 
polyhedral mesh give a damping that differs from 
Eq. 5 damping by 8.4% and Eq. 6 damping by 9.9%.  
A fine polyhedral mesh should be used to get the 
best damping, but the user may opt to accept the 
higher error if the model run time is too long with the 
finest mesh. 
  
The results validate the approach taken to use 
STAR-CCM+ to model slosh in a bare tank because 
the difference between the CFD derived frequency 
and the predicted frequency using equation from [1] 
differ by only 0.1% and the CFD derived damping 
and the predicted damping using equations from [1] 
differ by 1.7% and 0.2%. 

2.2 Baffled Tank Case 

2.2.1 Model Description 

Propellant tanks usually contain a propellant 
management device (PMD).  While PMDs add more 
complexity to the slosh than just a simple baffle [1], 
in the absence of experimental data from PMD flight 
tests, CFD validation to a single baffle case can 
indicate that the CFD modeling approach is 
appropriate.  The author acknowledges that data 
from a flight-like PMD would be preferable over that 
of a single ring baffle, but since each PMD design is 
different, unless the model was compared against 
test data for a similar PMD design every time, even 
validation against PMD test data does not prove that 
the CFD modeling approach would work for all PMD 
designs.  A similar approach is used by other 
authors [6,7]. 
 
Experimental and analytic results exist for a ring 
baffled tank [1].  To allow for direct comparison 
with the experimental results, the CFD model was 
setup to match the key characteristics of the 
experimental setup.  The key characteristics are 
hs/R, w/R, and the percentage of the cylinder 
cross-sectional area that is blocked by the baffle, 
where hs is the height of the liquid above the baffle, 
R is the radius of the tank, and w is the wave 
height.  Fig. 14 shows the geometry used in this 
paper, including the liquid fill level. 

 

Figure 14.  Cylindrical tank with ring baffle (not to 
scale) 

 
Tab. 4 shows the mesh types, approximate cell 
count, and settling acceleration for the baffled tank 
cases. 
 
Table 4.  Ring Baffled tank model mesh type, cell 

count, and settling acceleration 

Mesh Type Approximate 
Cell Count 

Settling 
Acceleration 

(m/s2) 
Polyhedral 390k 0.1 

Polyhedral 637k 0.1 

Polyhedral 1600k 0.1 

Trim 564k 0.1 
 
As explained in Section 2.1, the polyhedral mesh 
has been used extensively at GSFC because the 
main slosh plane is not known a priori.  The trim 
mesh is included for completeness.  Fig. 15 and Fig. 
16 show cross-sections of the polyhedral mesh with 
approximately 637k cells and the trim mesh with 
approximately 564k cells. 
 

 
Figure 15.  Polyhedral mesh with approximately 

1600k cells 
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Figure 16.  Trim mesh with approximately 564k 

cells 
 
Unlike with the bare tank, no effort was made to 
refine the mesh near the liquid interface or near the 
baffles.  Future research should include more mesh 
refinement near the liquid-gas interface and the 
baffles. 
 
The model is initialized at a 10 degree angle to 
horizontal at a fill fraction of 0.126 m above the 
baffles.  Fig. 17 shows the initialized state. 
 

 
Figure 17.  Initial conditions for ring baffled 

cylindrical tank models (bottom section is liquid) 
 
By using a larger liquid offset angle than the bare 
tank, the effect of the wave height can be seen in 
the results. 
 
As with the bare tanks, the liquid modeled is NTO 
and the gas modeled is nitrogen. 

2.2.2 CFD results and discussion 

The CFD model outputs for the ring baffled tank 
models are the same as those for the bare tank 
models.  Fig. 18 and Fig. 19 show the center of 
mass and force plots for all of the different models.  
The models were run long enough to model at 
least 150 seconds of slosh.  150 seconds is 
enough time to see the damping trend.  The results 
are truncated in the plots below to 75 seconds to 
better illustrate differences between the results.  
The CFD models output the torque, as with the 
bare tank model, but are not included in this paper 
because the behavior is similar to that of force. 
  

 
Figure 18.  Center of mass movement for ring 

baffle tank models 
 

 
Figure 19.  Forces on tank and baffle from ring 

baffle tank models 
 
The results between the different polyhedral 
meshes are almost identical, but the trim mesh 
results in a lower damping than the polyhedral 
mesh.  This behavior was also seen in the bare tank 
models.  Fig. 20-22 show the force plot zoomed in 
over a range of times to better show the differences 
in the different models. 
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Figure 20.  Forces from ring baffle tank models 

around 10.5 seconds (2nd peak) 
 

 
Figure 21.  Forces from ring baffle tank models 

around 32.5 seconds (4th peak) 
 

 

Figure 22.  Forces from ring baffle tank models 
around 64.5 seconds (7th peak) 

 
As with the bare tank models, the trim mesh force 
results show more noise than the polyhedral 
meshes.  The noise is due to the model with the trim 
mesh not converging fully at each time step.  The 
noise increases and decreases depending on how 
well the model is converging at a specific time step.  
The noise seen in the Fig. 20-22 is not seen when 
looking at the center of mass movement plots, but it 
is expected that the noise does contribute to errors 
in the center of mass movement plots. 
 
Fig. 20-22 also show that the model results are 
similar for all the models with polyhedral meshes, 

regardless of mesh size.  The model with the trim 
mesh gives force results that are consistently higher 
than the force results for the models with polyhedral 
meshes.  The large difference between the damping 
at the beginning of the model runs for the model with 
a trim mesh and the models with a polyhedral mesh, 
indicate that an initial large difference in damping is 
carried throughout the model run.  The results are 
similar between the polyhedral meshes because 
there is no model with a polyhedral mesh that has 
consistently higher or lower damping.  The results 
from the different models with a polyhedral mesh 
are not converging or diverging over time.  
 
The liquid-gas interface is well-defined during the 
sloshing model run, as shown in Fig. 23 and Fig 24. 
 

 
Figure 23.  390k polyhedral mesh liquid volume 

fraction (bottom section is liquid) 
 

 
Figure 24.  564k polyhedral mesh liquid volume 

fraction (bottom section is liquid) 
 







