Grid Resolution for the Simulation of Sloshing using CFD
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Introduction Hinatsu [16] by Godderidget al. [17,[18]. The effect of
grid spacing when capturing impact pressure caused by an
Sloshing occurs when a tank is partially filled with a ligenclosed air bubble is investigated. It is found that local
uid and subjected to an external excitation fofde [1]. Shifisw features are best suited to indicate that the flow is suf-
with large ballast tanks and liquid bulk cargo carriers, sugiBiently well resolved. These findings are further inves-
as very large crude carriers (VLCCs), are at risk of expigated using larger, geometrically similar sloshing tanks.
sure to sloshing loads during their operational life [2]. THehe initial grid geometry is used to simulate the scaled
inclusion of structural members within the tanks dampeg®shing flow at two and four times the initial grid size.
the sloshing liquid sufficiently in all but the most severghen, the grid is refined to give the same mesh spacing as
cases. However, this approach is not used for Liquefigche first problem.
Natural Gas (LNG) carriers and the accurate calculation of
the sloshing loads is an essential element of the LNG tank

design proces$ [3] 4]. Sloshing Problem

The increase in global demand for LNG has resultedgb hing i | . induced b
a new generation of LNG tankers with a capacity in exce shing in rectangular container, induced by pure sway

of 250,000 i, compared to 140,000 ttoday. A pre- motion, is investigated in the present study. Figure 1 shows
requisite for the safe operation of these LNG tankers is taﬂ? tank dimensions, locations of pressure monitor points

accurate calculation of the sloshing loads experienced ap aX|s_system orlenfcanon. The CFD model was vali-
the containment systernl[5, 6]. ted using the experimental steady state sloshing pres-

sures given by Hinatsu [16]. The tank displacement is

_ dgiven by
The work of Abramson[]7] summarizes the methods
available in modern sloshing analysis, and Ibrahim [8] X = Asin (Znt)’ 1)
gives an up-to-date survey of analytical and computational T

sloshing modeling techniques. A more general modeli% Ais the displ litud® the sloshi
technique is the solution of the Navier-Stokes equatio ereAls the disp ace'T‘e”t amplitude,the sloshing pe-
d andt the elapsed time. In the current case, the tank

using Computational Fluid Dynamics (CFD). Some recefip® andt | N - S
examples of CFD sloshing simulation include Hadetc motion is in the x-direction only, as indicated in Fig{ife 1.
al. [9], Aliabadi et al. [10], Standinget al. [L1], Kim et The first part of the investigation is focused on a resonant
aI. [12’] Rheel[[13] an'd El I'\/Iocta' [14] ' ' sloshing flow at 20% filling level, wher& = 0.06 m and

' ' ) - T = 1.74 sec. Subsequently, a near-resonant sloshing flow

] ] ] with A= 0.015 m andl = 1.404 sec is considered.
Sloshing flows are treated as a transient problem in CFD.

While the number of sloshing oscillations can vary, a large \aaz

number of time steps, usual@(10?) to O(10%) per oscil- 3
lation are required. Design optimization or the use of a
numerical wave tank to gather statistical sloshing pressurt S%eBligleel k2036 PSx————
data [15] requires long simulation times or multiple runs. ™ oo —f.,L
Parameters such as time step size, grid spacing and mod 20% Slling vl & = 012 i A
choice directly influence the complexity and computational T -n_:al l
cost of a CFD model. s o ., om0

l—" —

A sway-induced resonant sloshing flow ina 1.2 m x 0.6
m rectangular container is investigated using a commégigure 1. The sloshing problem used for CFD validation (all di-
cial Navier-Stokes CFD code. The selected computatioffnsions in m)
model was validated using experimental pressure data from



The fluid interaction models for the numerical simulawall function aided convergence when using a viscous flow
tion of sloshing can be implemented using the volume framodel [17]. The high resolution scheme for spatial dis-
tion of each fluid to determine the fluid mixture propertiesretization varies between a first and second order upwind
This is ahomogeneoumultiphase model. It is analogouscheme depending on the gradiént [21]. The grids used for
to the volume of fluid (VOF) method developed by Hirthe various studies are detailed in the sections describing
and Nichols[[19], but it includes a simplification as the frethe respective results.
surface pressure boundary condition is neglected. A more
genera| but Computationa”y more expensive approach @b'e 1: Computational models used for sloshing simulations
an inhomogeneoumultiphase model, where the solution

of separate velocity fields for each fluid is matched at theParameter Setting
fluid interfaces using mass and momentum transfer model¥vater Incompressible fluid
[20]. An inhomogeneous viscous compressible multiphage/if Ideal gas
flow with two phasest and is governed by the conserva-| Multiphase model | inhomogeneous
tion of mass for the compressible phase Sloshing motion Body force
Turbulence model Standardk — € with scalable
0 0 wall function
ot (rp) + ox; (rpui) = m TP, 2) Spatial discretization High resolution

Time discretization | Second order backward Eu
ler
Timestep control Root-mean-square (RMS)
Courant number=0.1

wherel 8 is mass transfer between the phasesranaass
sources,p density,r volume fraction andy; velocity of
phasea. The conservation of momentum for phases

given as Convergence control RMS residuak: 10~°
0 0 op
3 (rpu) + ax (rpuiuj) = —raT(i +
3 U ous The investigation of sloshing in geometrically similar
+& {r (axl + axjﬂ +M" MY 4Dy, (3) containers required the calculation of an appropriate slosh-
i i i

ing excitation. The nature of the excitation, given in Equa-

whereb; are body forcesVi® forces on the interface caused©" (2), is maintained but the amplitude and frequency are
by the presence of phage the dynamic viscosity and theadjusted. The sloshing period is 95% of the resonant period

F(_ raB B rBay,) i yvhich depends on the tank size. The resonant fregnecy for
termM’ (= "u — ™y ) interphase momentum ranSgach case is calculated from potential theory as
fer caused by mass transfer. If the fluid is compressible,
Equations[(R) and {3) are closed using an energy equa- wﬁ _ T[gtanh(nh> )
tion, or an equation of state if the compressible fluid can a a)’
be treated as an ideal gas|[21]. A discussion of the fluid ) ] .
interface forces is given by Godderidgeal. [22]. wherea is the tank lengthg gravity andh the filling level.

The amplitude of the sloshing excitation is adjusted using

. . the sloshing velocity, which may be obtained by differenti-
As a full set of conservation equations has to be So"’gffﬂg Equation[{[1). Taking the excitation velocity as a char-
for each phase, the computational effort required for t Gteristic velocity, the following non-dimensional scaling

inhomogeneous model has been found to U tines parameter based on the Froude number [7] can be used
greateff] than for the homogeneous model[[22]. However,

Brennenl[238] finds that if two conditions derived from par- X /9D
ticle size parameter, mass parameter and particle Reynolds XL = NG (%)

number are violated, the inhomogeneous multiphase model

(Equationg P anf]3) should be used. It is observed that#drereD; andD, are characteristic length scales.
the current problem, the particle Reynolds number condi-

tion is not satisfied. This suggests that the use of an inho-

mogeneous multiphase model is required for the analylrippaCt bubble

of the current problem. . . . . .
P The fluid motion caused by sloshing results in static and

_ ) ) dynamic pressure loads. The dynamic pressures are usu-
The computational models used in the sloshing studigg; confined to small regions, but cause large loads on the
are summarised in Tablé 1. The selection is based on $@cture. Sloshing pressure loads can be categorised as
sensitivity study by Godderidget al. [17]. It was found pyre fluid impact, impact air bubble formation and the im-
that t_he pressure histories of the current fluid model COBlct of an air-water mixture formed during a previous fluid
bination differed by less than 0.1% from the fully comnpact. Pure fluid impact has been studied experimentally
pr_e53|ble model but required 20% Iess_computanona_ll tmg—;, Peregrine[[24] and impact pressures in excess of 100
Kim et al. [12] showed that the sloshing pressure is Nghes the static fluid pressures were observed. The reso-
influenced by the inclusion of a turbulencelmodel, but theynt sloshing flow results in a jet impacting the tank wall
use of a standarll — ¢ turbulence model with a scalableyng subsequent air bubble entrainment. This tends to result

1The simulations were run on a 64 bit, 2.2 GHz processor with 2 dB @ Ionggr, PSCi”ating pressure history when compared to
of RAM at the University of Southampton Iridis 2 computational facilitya pure fluid impact.
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Figure 2: Air entrainment bubble formed during sloshing impact
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Figure 3: Pressure history at P2 (left) and P3 (right)

The sloshing flow is simulated on a hybrid grid with anodel and initialisation, a significantly lower pressure than
refined region indicated in Figufé 2. Table 2 gives the grile inhomogeneous model. Figlife 4 shows that the direc-
particulars in the refined region. Figjire 2(a) shows the gtidn of the water prior to impact depends on the selected
dependence of the air bubble dimensions and the formatiounltiphase model. The inhomogeneous flow predicted wa-

of the air bubble is illustrated in Figufe 2|b). ter velocity is inclined 14° from the horizontal, while the
homogeneous model estimated the velocity vector inclina-
Table 2: Grid refinement for sloshing impact tion at 403°.
Grid | Hex. | horizontal (first node) vertical
(mm) (mm)
Grida| 408 0.30 12
G”_d b| 2552 0.10 3.5 The grid dependence of the calculated pressures is
Gridc | 4602 0.05 2.0 shown in Figuré 5. The characteristic length scales are the
Gridd | 16284 0.02 0.5 length and depth for P1 and P2 are taken where the water

surface is above its initial position The length and height of
the bubble are the characteristic scales for P3 . F{gurg 5(a)
Figure[3 shows the pressure history during fluid impashows the plot for the grid spacing perpendicular to the bot-
at P2 and P3 for the 20% filling level. In both cases, the himm wall for P1 and P2 and the side wall for P3. The grid
mogeneous multiphase model gives, for the identical flisgacing parallel to the wall is shown in Figiire 5(b).



Air Table 3: Systematic tank size variations
7 =008
- Ly Parametef Casel | Case2| Case3
/ geneous‘% Sloshing Tank
; il Size factor 1 2 4
7 outes=0.75 , 14.0 Length| 1.2m | 24m | 48m
inhomogeneous Height| 0.6m | 1.2m | 24m
Water Filling Level |  60% 60% 60%
Excitation
a 1 1.961 3.922
A| 0.015m | 0.015m| 0.015m
Figure 4: Water flow 0.05 cm before impact Tio | 1.474 sec| 2.044 2.890
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case 1. The computational models used in the simulations
are given in Tablg]1.
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Figure 6: Typical hybrid grid used in CFD investigations. The
grid contains 8652 hexahedral and 708 wedge elements

Figures[ 7(g) anfl 7(b) shows the pressure histories at
monitor points P4 and P9 respectively for case 3 predicted
b using grids 1 and 3. At P4, which is dominated by the
Yae me w0 mo  ww  mo om0 o static pressure component, the pressure histories show rea-

Gt pois sonable agreement. At P9, the pressure spike captured on
grid 3 is not observed using grid 1. Mean fluid speed is less
susceptible to grid effects. Figuries 7(c) &4nd J7(d) show the
Figure 5: Pressure dependence on local perpendicular (top) aneéan fluid velocity, which is computed as
longitudinal (bottom) flow feature resolution

> mvil

Mean fluid speed= T2 (7)
> m
mass
. . . . . Figure[7(c) shows acceptable agreement between the mean
Equation[(1), which describes the sloshing excitation, CﬁUCi]d speed history observed using grids 1 and 3. Finally,
mean fluid speed appears to be a quantity well suited for
scaling with Equation[(5) as shown in Figiire T(d). While
the scaled and observed speed histories are out of phase

be rewritten as
X = 0aAsin (%IT[ t) ,
when using grid 1, the predicted magnitudes show good
wherea is a constant. Using Equatiof] (4) arid (5), thegreement with those observed when scaling from grid 2.
sloshing excitation can be adjusted for kinematic similitude

corresponding to the tank size. The computed values ake .
given in Tabld B. 60nC|udlng Remarks

5(b): Longitudinal grid spacing

Tank Size Variation

The faithful discretisation of a sloshing problem in CFD
The grid used for Case 1 which consists of 9360 eldepends on the resolution of local flow features. The most
ments is shown in Figufg 6. Grid size and time discretissevere pressures were confined to small regions in the prob-
tion parameters were determined from Ref [25]. This gridm and occurred as a result of an impact jet and conse-
is then resized using the appropriate size factors for cagaent air bubble entrapment. While the air bubble size
2 and 3. The number of grid cells remains constant but twas estimated accurately using a coarse grid, the grid in-
size of each element increases accordingly. A second sedebendence of pressure requires a considerably finer grid.
grids (grid 2 and 3) is constructed for cases 2 and 3 resp€hus, grid guidelines explicitly specifying grid spacing
tively. They contain 38,319 and 153,273 elements respée-g. Ref[[26]) may not be adequate for sufficiently ac-
tively and they have the same cell size as the grid used éorate computations. A better approach is to use a coarse
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Figure 7: Grid influence on and scaling of fluid momentum



grid to observe critical flow features and repeat the simufa2] Yonghwan Kim, Jungmoo Lee, Young-Bum Lee, and Yong-
tion on a grid that adequately resolves local flow features Soo Kim. Sensitivity study on computational parameters for
by including information from e.g. Ref [27].

When increasing the tank size, local impact pressures are
not captured unless the grid is refined according to the flbh!
field. Moreover, the scaling of sloshing pressures remains
a task of some difficulty. The mean fluid velocity defined
in Equation [(¥) appears to be a quantity better suited to
scaling. The magnitude of the mean fluid velocity of cask#l
3 is estimated with good accuracy based on grids 1 or 2.
However, a lag develops between the solution estimatéél
from grid 1 and the mean fluid momentum obtained from
grid 3.

The scaling of mean fluid velocity requires further studﬁrf’]
for additional validation. The simulations for the system-
atic variations of tank size should be extended to at least 10
oscillations. A further tank size of 9.6 m by 4.8 m should
be included to confirm the scaling properties of mean fluid

momentum. Ultimately, the mean fluid velocity may pr

vide an alternative design criterion more suitable for scal-
ing when assessing the safety of LNG tanks.
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